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Abstract
Submarine canyons can impact regional oceanography and provide a conduit for
shelf-slope exchanges via topographically induced processes such as canyon upwelling
and downwelling. Between Virginia and New York in the Mid-Atlantic Bight (MAB),
there are five major shelf-incising canyons (Norfolk, Washington, Baltimore,
Wilmington, and Hudson canyons) and four sizable slope-confined canyons (Accomac,
Spencer, Lindenkhol, and Toms canyons). Canyon upwelling and downwelling at these
canyons have not been well studied. Consequently, the associated hydrographic
variability and dynamics inside the canyons and on the adjacent shelf are largely
unknown, and the integrated impact of submarine canyons on MAB shelf hydrography
and shelf-slope exchanges is poorly understood. This dissertation was inspired by a
glider-based survey at Wilmington Canyon, and mainly used numerical modeling
simulations for the MAB with an unstructured-grid three-dimensional ocean model to
answer these questions.
Using glider observations and realistic numerical modeling for February 25–March
7, 2016, Chapter 2 investigated the hydrographic variability associated with the
Wilmington Canyon and adjacent outer shelf and shelf-break amid two consecutive
events of upwelling and downwelling. Then focusing on the same Wilmington Canyon
upwelling and downwelling events and using a realistically forced numerical modeling
simulation as well as one without tidal forcing, Chapter 3 tested the dynamical drivers of
winds and tides in canyon upwelling and downwelling events, also compared the
differences in dynamics between the canyon and adjacent shelf-break. Chapter 4
presented the occurrences and integrated impact of 12 cycles of spatially coherent
upwelling and downwelling through nine canyons between Virginia and New York, based
on a realistic numerical modeling experiment and a No-Canyon experiment for January
1–April 14, 2016. Chapter 4 also analyzed the frequency of canyon upwelling and
downwelling based on a 22-year record (1994–2015) of sea surface elevation.
This dissertation found that the submarine canyons in the MAB induced significant
spatial and temporal hydrographic variabilities on the shelf and enhanced shelf-slope
water exchange. Due to favorable winds, sea surface tilts, and shelf-scale background
ocean currents, as well as canyon topography, cycles of spatially coherent multi-canyon
upwelling and downwelling frequently occurred in the MAB. Plumes of upwelled slope
water from the canyons intruded the outer and mid shelf during the upwelling episodes,
and dense water from the shelf retreated into the canyons during the downwelling
episodes. For each cycle of upwelling and downwelling, upwelled water from the
canyons caused shelf-scale anomalies of low temperature, high density, and
northeastward velocity on the MAB outer shelf that were significant when averaged over
the course of the season. This thesis suggests that submarine canyons are an integral part
of MAB oceanography and deserve further investigations.
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Impact of Canyon Upwelling and Downwelling in the Mid-Atlantic Bight

1

Chapter 1. Introduction to the Dissertation
1. Background
The Mid-Atlantic Bight (MAB) extends 1,000 km alongshore from Cape Hatteras,
North Carolina, to Cape Cod, Massachusetts offshore of the U.S. East Coast (Figure 1).
The MAB continental shelf and shelf-break supports abundant and diverse marine life
and impacts many aspects of human society. Fisheries, transportation, offshore wind
energy, weather forecast, climate prediction, etc., all demand comprehensive physical
oceanographic knowledge of the MAB (https://maracoos.org/about.shtml). Abundant
knowledge about the ocean conditions and physical processes in the MAB have been
provided by previous studies as well as ongoing observational campaigns and operational
modeling systems. However, an outstanding knowledge gap remains in our understanding
of the MAB physical oceanography: the impact of MAB submarine canyons on shelf
hydrography and shelf-slope exchanges.
Submarine canyons can impact regional hydrography and provide a conduit for
shelf-slope exchange via topographically induced processes such as canyon upwelling
and downwelling (Allen & de Madron 2009; Kämpf 2010; Connolly & Hickey 2014).
However, canyon upwelling and downwelling at the MAB submarine canyons (deep
canyons, excluding Hudson Shelf Valley) have not been previously studied, and the
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associated hydrographic variability inside the canyons and on the adjacent shelf are
largely unknown.
In the MAB and Georges Bank of northeastern U.S., there are 13 major shelf-break
and >60 slope-confined submarine canyons (Andrews et al. 2016). Along the ~400 km
long southwest-northeast oriented shelf-break between Virginia and New York, there are
five major shelf-break canyons that incise across the continental slope and onto the outer
shelf: Norfolk, Washington, Baltimore, Wilmington, and Hudson canyons. Hudson
Canyon is connected to Hudson Shelf Valley, together they cut across the entire
continental rise, slope, and shelf. The other 4 shelf-break canyons are shorter, extending
onshore from the continental rise to less than 20 km from the shelf-break (150 m isobath).
Between these five shelf-break canyons, there are also many slope canyons that do not
incise the shelf. The sizable ones include Accomac, Spencer, Lindenkhol, and Toms
canyons.
These MAB canyons have interesting geology and complex flows, which lead to
high biological diversity and productivity (e.g. Pierdomenico et al., 2015). These canyons
and surrounding areas, are important habitats for many marine species (e.g. deep sea
coral, sea star, octopus, squids, mussels, and various fish; Gartner 1980; Quattrini et al.
2015), popular destinations for recreational fisheries (e.g. tuna, swordfish, tilefish;
Goldsmith, personal communication; Sedberry et al. 2001; Grimes et al. 1980), and
crucial ground for commercial fisheries (e.g. Atlantic sea scallop; Rudders & Hudson
2015). In short, MAB canyons are interesting and important.
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This dissertation investigates the hydrodynamics and regional impact of these
canyons. This modeling project was inspired by a glider-based survey conducted in late
February - early March, 2016 at Wilmington Canyon, in which consecutive events of
canyon upwelling and downwelling were identified. Then numerical experiments were
conducted with a 3D ocean model (SCHISM; Zhang et al., 2016) to investigate the
phenomena (Chapter 2) and dynamics (Chapter 3) associated with the Wilmington
Canyon upwelling and downwelling events, and to investigate the occurrences and
integrated impact of more cycles of upwelling and downwelling through nine canyons
(Norfolk, Washington, Accomac, Baltimore, Wilmington, Spencer, Lindenkhol, Toms,
and Hudson) between Virginia and New York in the southern MAB (Chapter 4).

2. Canyon upwelling and downwelling
2.1. Canyon processes that enhance shelf-slope exchanges
Fluid dynamics in and around submarine canyons as well as canyon effects on
cross-shelf water exchanges have fascinated physical oceanographers from observational,
laboratory-experimental, analytical-theoretical, and numerical modeling backgrounds
alike. The main branches of physical processes include internal tides and waves and
mixing, dense shelf water cascading, and canyon-driven upwelling and downwelling.
Each of these processes has its own nuances and variations. I find it is daunting to
understand all the intricacy in each study and synthesize the very substantial literature on
this topic here. A comprehensive review, however, is provided by Allen & de Madron
4

(2009). On submarine canyons’ role in shelf-slope (shelf-deep ocean) exchanges, and on
the three categories of relevant physical processes, they summarized concisely:
“Cross shelf-break exchange is limited by the tendency of geostrophic flow to follow
bathymetric contours, not cross them. However, small scale topography, such as canyons,
can reduce the local length-scale of the flow and increase the local Rossby number. These
higher Rossby numbers mean the flow is no longer purely geostrophic and significant
cross-isobath flow can occur. This cross-isobath flow includes both upwelling and
downwelling due to wind-driven shelf currents and the strong cascading flows of dense
shelf water into the ocean. Tidal currents usually run primarily parallel to the shelf-break
topography. Canyons cut across these flows and thus are often regions of generation of
strong baroclinic tides and internal waves. Canyons can also focus internal waves. Both
processes lead to greatly elevated levels of mixing. Thus, through both advection and
mixing processes, canyons can enhance Deep Ocean Shelf Exchange.”
2.2. Canyon upwelling and downwelling, canyon-upwelling plume
Canyon upwelling or downwelling occurs on the sub-tidal time scales of a few days
or longer, and is associated with favorable conditions of along-shelf flows, cross-shelf sea
surface height gradients, and winds. For canyons in the northern hemisphere, canyon
upwelling occurs under left-bounded along-shelf flows (flows with the coast to their left
side; Klinck 1996). Canyon upwelling and left-bounded along-shelf flows are often
associated with seaward cross-shelf sea surface height (SSH) gradients (Freeland 1982;
Allen & Hickey 2010), which in turn are often forced by upwelling-favorable winds (left-
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bounded along-shelf winds or seaward cross-shelf winds; Hickey, 1997; She & Klinck,
2000; Zhang & Lentz, 2017). On the other hand, canyon downwelling is associated with
right-bounded along-shelf flows, landward SSH gradients, and downwelling-favorable
winds. For a typical idealized straight canyon, under conditions with equal strength but
opposite directions, the net cross-shelf-break transport induced by canyon upwelling can
be over ten times that by canyon downwelling (e.g. Spurgin & Allen, 2014). Thus,
canyon upwelling is regarded as more important than downwelling to shelf-slope
exchange.
During canyon upwelling, flow over the continental slope turns into the canyon at
the canyon mouth, and substantial amounts of slope water can be channelled along the
canyon towards the canyon head and upwelled onto the shelf (Allen & Hickey, 2010).
The upwelled dense slope water forms a growing pool, i.e. a canyon-upwelling plume,
that expands on the bottom of the downstream shelf. The feature of canyon-upwelling
plume has been reported in several process-oriented numerical modeling studies, such as
Kämpf (2009, 2010, 2012), Howatt & Allen (2013), and Ramos-Musalem (2020); and it
was also produced in the laboratory experiments by Ramos-Musalem (2020). If canyon
upwelling persists, the upwelled water from a submarine canyon can cover an area on the
bottom of the shelf that is over an order of magnitude larger than the area of the canyon
itself.
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2.3. Consecutive canyon upwelling and downwelling events
The scenario of a canyon upwelling event immediately followed by a downwelling
event has not been investigated by previous canyon modeling studies, thus it is unknown
how the upwelled dense water that has accumulated on the shelf during the preceding
upwelling event would impact the ensuing downwelling event. In such a scenario, it is
reasonable to predict that the canyon-upwelling plume consisting of dense upwelled
water would recede quickly from the shelf. However, most previous canyon modeling
studies considered upwelling scenarios and downwelling scenarios separately. Often in
these studies, separate upwelling and downwelling simulations were set up with opposite
along-shelf flows (e.g. Klinck, 1996), or with winds blowing from opposite directions
(e.g. Zhang & Lentz, 2017) over a straight canyon that is perpendicular to the shelf-break.
Therefore, it is unclear how a canyon-upwelling plume would develop and diminish in
consecutive upwelling and downwelling events.
3. Canyon upwelling and downwelling in the MAB
3.1. Likelihood of canyon upwelling and downwelling
In the MAB, the seasonal and annual mean currents over the continental shelf, shelf
break, and upper continental slope are predominantly right-bounded and equatorward
(Beardsley 1976; Lentz 2008; Flagg et al. 2006; Levin et al. 2018). In particular,
associated with the shelf break front between the light shelf water and dense slope water,
there is a semi-permanent and fast (0.15-0.3 m/s) shelf break jet flowing equatorward
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(e.g. Linder & Gawarkiewicz 1998; Fratantoni et al. 2001). Therefore MAB canyons are
prone to downwelling under normal equatorward flow conditions.
However, other forcing factors having the time scales of a few days, i.e. event time
scale, can alter the cross-shelf pressure gradient and the direction of the shelf currents.
Clockwise-rotating offshore rings and eddies are not uncommon in the MAB. If a ring
approaches the shelf-break and a submarine canyon it can lead to upwelling (e.g. Zhang
& Lentz 2017). Also, more relevant to this dissertation, wind stress can set up cross-shelf
pressure gradient, and thereby alter shelf currents (Dzwonkowski et al. 2010; Gong et al.
2010; Miles et al. 2013; Zhang & Lentz 2017; Roarty et al. 2020), and thus possibly also
cause upwelling circulation within a submarine valley or canyon. For example, Harris et
al. (2003) and Lentz et al. (2014) analyzed the event time scale circulation of Hudson
Shelf Valley based on winter 1999-2000 observations, and find that cross-shelf winds set
up cross-shelf pressure gradients and lead to near bottom along-valley (cross-shelf) flow,
with westerly (eastward) winds driving onshore (westward) upwelling flow. Thus, canyon
upwelling events likely occur in the MAB during long-lasting upwelling-favorable wind
events if the wind stress sets up seaward sea level gradient, i.e. landward pressure
gradient.
3.2. Possible evidence in previous surveys
There had been mooring and shipboard physical oceanography studies in and
around some MAB shelf-break canyons, mostly conducted before the 1990s, that may
have revealed phenomena associated with canyon-induced upwelling and downwelling.
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Sub-tidal (averaged over multiple tidal cycles) up-canyon and down-canyon flow patterns
were observed by moorings in the Baltimore Canyon (Hunkins 1988) and Lydonia
Canyon (Butman et al. 1986). Slope water upwelling or upward tilting isopycnals toward
canyon head, and shelf water downwelling or downward tilting isopycnals toward head
was observed in the Norfolk Canyon by Ruzecki (1979). In particular, Church et al.
(1984) also investigated exchange processes over Wilmington Canyon based on a
summertime synoptic shipboard study in August 1978. They identified slope water
intrusion along the canyon axis and shelf water (cold pool) extrusion on the canyons’s
southwest flank. They pointed out these phenomena caused exchanges across the shelfslope front. In hindsight, some of the previous observations may have been phenomena
associated with canyon-induced upwelling.
Since the 1980s, few physical oceanographic surveys have been conducted in and
around these MAB shelf-break canyons. The previous oceanographic surveys were
conducted before the more recent advancement in the theoretical understanding and
numerical modeling of canyon-induced dynamics (see section 1.2). They were also before
the establishment of the relatively extensive regional integrated ocean observation system
(e.g. MARACOOS) that includes satellites, HF radars, many weather buoys, and
underwater gliders. Recent and ongoing explorations in MAB canyons, in particular
NOAA’s Deepwater Mid-Atlantic Canyons Explorations in the past 10 years, have
focused on the geology, ecology, and biogeochemistry inside the canyons.
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3.3. The lack of realistic numerical modeling of MAB canyons
In terms of numerical modeling of MAB canyons, some idealized numerical
studies, which were process-oriented, have advanced our theoretical understanding of
canyon dynamics. Using a straight and smooth MAB canyon that is perpendicular to the
shelf-break, Zhang & Duda (2014) investigated how internal waves are generated by M2
internal tides. Also, using an idealized Hudson shelf valley in a rectangular domain under
constant upwelling or downwelling wind conditions, Zhang & Lentz (2017) investigated
the dynamical reason of asymmetric upwelling circulation.
However, to my knowledge, there was no previous 3D numerical modeling that
sufficiently (< 1 km horizontal resolution) resolved the bathymetry of the canyons in the
MAB. Even globally, numerical modeling studies that both resolve the bathymetry of
multiple canyons (based on charted bathymetry data) in a region and are realistically
forced (e.g. with atmospheric and oceanic conditions from observations or reanalysis
models) are still rare.
4. Structure of the Dissertation
The rest of the dissertation is organized as follows.
Chapter 2. Upwelling and Downwelling at Wilmington Canyon and the
Formation and Evolution of Dense Slope-water Plume on the Shelf. This Chapter
investigates a cycle (two consecutive events) of canyon upwelling and downwelling at
Wilmington Canyon during February 25 - March 7, 2016; it focuses on the hydrographic
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variability inside Wilmington Canyon and on the bottom of the outer shelf northeast of
Wilmington Canyon.
Chapter 3. Dynamics of Submarine Canyon Upwelling and Downwelling — a
realistic modeling study at Wilmington Canyon. The main goal of this chapter is to test
whether some essential dynamical characterizations of canyon upwelling and
downwelling would apply in the submarine canyons of the Mid-Atlantic Bight. This
chapter is based on a simulation with tidal forcing and a simulation without tidal forcing
for February 25 – March 7, 2016. It focuses on Wilmington Canyon. Three hypotheses
are tested for Wilmington Canyon: (1) canyon upwelling and downwelling are windforced sub-tidal phenomena and only marginally impacted by tidal forcing; (2) canyon
upwelling and downwelling are ageostrophic processes driven by barotropic and
baroclinic horizontal pressure gradient forces; (3) due to ageostrophic dynamics inside
the canyon, upwelling and downwelling are stronger at the canyon than over the adjacent
shelf-break.
Chapter 4. Integrated Impact of Multi-Canyon Upwelling and Downwelling
Episodes in the Mid-Atlantic Bight. In this chapter, we first extended the numerical
investigation to 12 upwelling and downwelling cycles in 105 days, and investigated the
aggregate impact of nine canyons (Norfolk, Washington, Accomac, Baltimore,
Wilmington, Spencer, Lindenkhol, Toms, and Hudson) on the southern MAB mid- and
outer shelf. Next, to further test canyon impact, a No-Canyon modeling experiment was
designed where the northern 4 canyons were preserved but the southern 5 canyons were
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replaced by smoothed shelf/slope bathymetry. Thirdly, a 22-year (January 1, 1994 December 31, 2015) record of cross-shelf sea surface height gradients ( ∇SSH) based
daily outputs from a data-assimilative global hydrodynamic model (GOFS 3.1) was used
to infer the frequency (percentage of days in each month) for canyon upwelling and
downwelling in the southern MAB.
Chapter 5. Conclusions of the Dissertation and Future Directions of Studying
Submarine Canyons of the Mid-Atlantic Bight. This chapter summarizes the main
findings from chapters 2-4, and points out some directions for future research.
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Figure 1. Submarine canyons between New York and Virginia in the Mid-Atlantic Bight. Red fonts
indicates shelf-break canyons, white fonts slope canyons.
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Chapter 2. Upwelling and Downwelling at Wilmington Canyon and the Formation
and Evolution of Dense Slope-water Plume on the Shelf

Key Points:
● An upwelling event (8.5 days) and a downwelling event (3.5 days) consecutively
occurred at Wilmington Canyon and caused hydrographic variability on the
adjacent shelf, based on an observation-inspired numerical simulation for
February 25 - March 7, 2016.
● As upwelling occurred, a plume of slope water upwelled out of the canyon to the
bottom of the outer shelf, and a frontal jet formed on the shoreward flank of the
plume.
● As upwelling ceded to downwelling, the dense water plume retreated into the
canyon and cascaded downslope as bottom-intensified currents.
9
● At its maximum extent, the plume volume reached 6 × 10 m 3, covering 90% of

the outer shelf between 75-150 m isobaths. This indicates that canyon exchange
processes have the potential to impact outer shelf water column characteristics
and ecosystems, and require further investigation.
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Abstract:
Submarine canyons can provide a conduit for shelf-slope exchange via
topographically induced processes such as canyon upwelling and downwelling. These
processes in Wilmington Canyon, located along the shelf-break of the Mid-Atlantic Bight
(MAB), have not been previously studied, and the associated hydrographic variability
inside the canyon and on the adjacent shelf are largely unknown. Here, inspired by
observations from an underwater glider, numerical simulations of the MAB during
February 25 - March 7, 2016 were conducted with a 3D ocean model to study the
phenomena of consecutive events of canyon upwelling and downwelling. During the first
8.5 days (February 25 - March 3), winds were fast (>10 m/s) and upwelling favorable
(southwesterly or northwesterly), then in the following 3.5 days (March 3-7) winds
shifted direction and became downwelling favorable (northerly). Modeled results show
that amid the upwelling episode, sea level increased seaward, canyon upwelling
developed and was sustained until relaxed; in the ensuing downwelling period, sea level
increased landward, canyon downwelling intensified and then relaxed. During the
upwelling period, slope water originating from 150-215 m depths, or about 0-75 m below
the canyon rim within the canyon was channeled onto the shelf. Consequently, a canyonupwelling plume consisting of the cold and dense upwelled water was generated from the
canyon head, and then expanded northeastward beneath the ambient warm and light slope
water, intruding the bottom of the outer shelf between 75-150 m isobaths. At its
maximum extent, the plume was about 20 km wide, 20 m thick, covering 90% of the
outer shelf within 30 km northeast of the canyon, and contains > 6 × 109 m 3of canyon-
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upwelled slope water. The dense plume water induced a northeastward along-shelf frontal
jet, located at 20 m above bottom on the shoreward half of the plume, with speeds > 0.5
m/s. In the ensuing downwelling event, the upwelled water receded from the shelf via
0.04-0.07 m/s seaward down-slope transport, and 0.2-0.3 m/s southwestward transport
back to the canyon. In the upper canyon near the canyon head, the dense water cascaded
down-slope as bottom-intensified currents with speeds up to 0.3 m/s. The upwelling
plume and associated frontal jet on the shelf, and the near-bottom density flow inside the
canyon have not previously been observed in the MAB, but highlight the potential impact
of submarine canyons on shelf oceanography and shelf-slope exchange.
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1. Introduction
Submarine canyons can provide a conduit for shelf-slope exchange via
topographically induced processes such as canyon upwelling and downwelling (Allen &
de Madron 2009). Under the same upwelling- or downwelling-favorable conditions,
upwelling or downwelling within a canyon is stronger than that over a normal shelf-break
(Klinck 1996; She & Klinck 2000; Kämpf 2006). Thus, submarine canyons can enhance
shelf-slope water exchanges on a regional scale (Kämpf 2010; Connolly & Hickey 2014).
However, canyon upwelling and downwelling in Wilmington Canyon, one of 13 major
shelf-incising submarine canyons located along the shelf-break of the Mid-Atlantic Bight
(MAB) of the U.S. East Coast (Fig. 1 a), have not been previously studied, and the
associated hydrographic variability inside the canyon and on the adjacent shelf are largely
unknown.
Canyon upwelling or downwelling occurs on the sub-tidal time scales of a few days
or longer, and is associated with favorable conditions of along-shelf flows, cross-shelf sea
surface height gradients, and winds. For canyons in the northern hemisphere, canyon
upwelling occurs under left-bounded along-shelf flows (flows with the coast to their left
side; Klinck 1996). Canyon upwelling and left-bounded along-shelf flows are often
associated with seaward cross-shelf sea surface height (SSH) gradients (Freeland 1982;
Allen & Hickey 2010), which in turn are often forced by upwelling-favorable winds (leftbounded along-shelf winds or seaward cross-shelf winds; Hickey, 1997; She & Klinck,
2000; Zhang & Lentz, 2017). On the other hand, canyon downwelling is associated with
right-bounded along-shelf flows, landward SSH gradients, and downwelling-favorable
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winds. Comparing canyon upwelling versus downwelling under conditions of equal
strength but opposite directions, the net cross-shelf-break transport induced by canyon
upwelling can be over 10 times that induced by canyon downwelling (Spurgin & Allen,
2014). Thus, canyon upwelling is regarded as more important than downwelling to shelfslope exchange.
During canyon upwelling, flow over the continental slope turns into the canyon at
the canyon mouth, and substantial amounts of slope water can be channelled along the
canyon towards the canyon head and upwelled onto the shelf (Allen & Hickey, 2010).
The upwelled dense slope water forms a growing pool of upwelled water, i.e. a canyonupwelling plume, that expands on the bottom of the downstream shelf (e.g. Howatt &
Allen, 2013). The feature of canyon-upwelling plume (pool of dense water) has been
reported in several process-oriented numerical modeling studies, such as Kämpf (2009,
2010, 2012), Howatt & Allen (2013), Saldías & Allen (2020), and Ramos-Musalem
(2020); and it was also produced in the laboratory experiments by Ramos-Musalem
(2020). If canyon upwelling persists, the upwelled water from a submarine canyon can
cover an area on the bottom of the shelf that is over an order of magnitude larger than the
area of the canyon itself.
The scenario of a canyon upwelling event immediately followed by a downwelling
event has not been investigated by previous canyon modeling studies, thus it is unknown
how the upwelled dense water that has accumulated on the shelf during the preceding
upwelling event would impact the ensuing downwelling event. In such a scenario, it is
reasonable to predict that the canyon-upwelling plume consisting of dense upwelled
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water would recede quickly from the shelf. However, most previous canyon modeling
studies considered upwelling scenarios and downwelling scenarios separately. Often in
these studies, separate upwelling and downwelling simulations were set up with opposite
along-shelf flows (e.g. Klinck, 1996), or with winds blowing from opposite directions
(e.g. Zhang & Lentz, 2017) over a straight canyon that is perpendicular to the shelf-break.
Therefore, it is unclear how a canyon-upwelling plume would develop and diminish in
consecutive upwelling and downwelling events.
Wilmington Canyon has an approximately 55º axial bend (Fig. 1 b): the lower
section from the canyon mouth to the bend orients towards the northwest and lays near
perpendicular to the shelf break (~72º); the upper section from the bend to the canyon
head veers to the northeast and lays nearly parallel to the shelf break (~17º). The canyon
head intersects the continental shelf at around the 90 m isobath, and the canyon mouth
intersects the shelf break at a depth of 150 m. On either side of the canyon axis, the
canyon rim (i.e. edge) intersects with the continental shelf. The canyon is approximately
20 km long from the canyon mouth to the canyon head, 10 km wide at the canyon mouth,
and 1 km deep from the canyon rim to the deepest part of the canyon at the canyon mouth
(Geomapapp). The roughly southeast-northwest lower canyon allows an along-shelf flow
to interact with canyon topography in a way similar to that has been previously simulated
by idealized numerical models (e.g. Klinck 1996; Howatt & Allen, 2013). The roughly
southwest-northeast upper canyon can channel flow up- or down-canyon in the alongshelf direction. Thus, for Wilmington Canyon, a northeastward (southwestward)
incoming along-shelf flow is not only upwelling-favorable (downwelling-favorable) in a
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classical sense due to the orientation of the lower canyon, but also can flow directly upcanyon (down-canyon) in the upper canyon.
Canyon upwelling and downwelling through Wilmington Canyon and other MAB
canyons, as well as canyon-upwelling plumes from them may have the potential to be
major contributors to shelf-slope exchanges in the MAB. However, except a few studies
on upwelling and downwelling flows through the Hudson Shelf Valley (Harris et al.,
2003; Lentz et al., 2014; Zhang & Lentz, 2017), which is connected to Hudson Canyon,
the processes of canyon upwelling and downwelling through the deep offshore canyons
along the MAB shelf-break have not been studied. Moreover, canyon-upwelling plumes
have not been reported in previous observational or modeling studies of the MAB.
Therefore, how and how much shelf-break canyons contribute to shelf-slope exchanges in
the MAB is unknown.
Oceanographic observations in Wilmington Canyon have been rare, and few if any
of them have investigated the processes of canyon upwelling or downwelling. In this
study, an underwater glider was deployed in Wilmington Canyon during February 27 March 8. Coincidentally, during February 25 - March 8, 2016, weather systems brought 9
days of upwelling-favorable winds followed by 4 days of downwelling-favorable winds.
Thus, we had an unique opportunity to obtain hydrographic evidence of canyon
upwelling and downwelling in Wilmington Canyon.
Inspired by the glider observations, numerical experiments were conducted with a
3D ocean model to simulate the consecutive events of canyon upwelling and
downwelling during February 25 - March 7, 2016. Thereby, we were able to investigate
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the events and associated phenomena inside Wilmington Canyon and on the bottom of
the outer shelf northeast of Wilmington Canyon. This paper focuses on a canyonupwelling plume, which was shown by the model results and consisted of cold and dense
slope water upwelled from Wilmington Canyon. It investigates how the plume developed
on and receded from the shelf, the extent and volume of the canyon-upwelled water, as
well as the impact of the upwelled dense water on the shelf circulation during the
upwelling event, and on the canyon circulation during the ensuing downwelling event.
The rest of the paper is organized as follows. Section 2 includes the glider setup and
survey design, and the numerical modeling system and model setup. In section 3,
evidence of the consecutive occurrences of sub-tidal upwelling and downwelling is
presented based on the glider observations (sections 3.1.1, 3.1.2.) and numerical
simulation (sections 3.1.2., 3.1.3), and the development and receding of a canyonupwelling plume is described based on modeled results (sections 3.2., 3.3). The results
are discussed in section 4, and key findings are summarized in section 5.

2. Methods
2.1. Glider setup and survey
A 350 m Slocum G2 glider was used to survey Wilmington Canyon in this study.
The glider was equipped with the Seabird, Inc, pumped glider conductivity temperature
and depth (CTD) sensor. The CTD sensor was calibrated by Teledyne Webb Research
(TWR) in June 2015 prior to deployment. After the glider was recovered, full resolution
delayed-mode temperature, conductivity, and pressure data were extracted from the CTD
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sensor and thermal lag correction algorithms based on Garau et al. (2011), Kerfoot et al.
(2019), and Woo (2019) were applied. Absolute Salinity and potential density were
calculated using Thermodynamic Equation of Seawater 2010 (TEOS-10) provided by the
Gibbs-SeaWater (GSW) Oceanographic Toolbox (McDougall & Barker, 2011). The
glider was also equipped with the following sensors: Seabird, Inc. EcoPUCK triplet
fluorometer with chlorophyll-a, colored dissolved organic matter (CDOM), optical
backscatter (700 nm) sensors, and an Aanderaa Optode for measuring dissolved oxygen.
For this study, only temperature, salinity, and density data were used.
A glider dives and climbs in the water column by changing buoyancy while being
pushed forward by its wings (Webb et al. 2001). Typically in still water, a Slocum glider
dives or climbs at ~26 degree angle from the horizontal plane, at nominal vertical speeds
of 0.15 m/s, and horizontal speeds of 0.25 m/s. During a 350m deep “yo” consisting of
one dive and one climb, which takes ~80 minutes, a glider moves forward by ~1.4 km
while making ~2400 measurements, when sampling at a rate of 0.5 Hz.
In the 2016 Wilmington Canyon survey, the glider was deployed on February 27
(GMT) near the canyon head, it roughly repeated a “Figure 8” survey pattern three times,
before leaving the canyon area on March 8 and heading back to the inner shelf for
recovery (Fig. 1 b). During the survey, the glider was programmed to climb once diving
down to 350 m depth or down to ~5-10 m from bottom; it was programmed to surface
every 2-3 hours. In this paper, temperature, salinity, and density data at the three repeated
transects across the lower canyon, as well as those at the three repeated transects along
the lower canyon are used.
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2.2. Numerical modeling using SCHISM and model setup
We conducted numerical modeling simulations using the Semi-implicit Cross-scale
Hydroscience Integrated System Model (SCHISM, Zhang et al. 2016). SCHISM has been
used in multiple studies of the coastal ocean of the U.S. east coast (e.g. Ye et al. 2019; Liu
et al. 2020), as well as in a study of the submarine canyons in the Black Sea (Brovchenko
& Maderich 2011). SCHISM is based on unstructured horizontal grids and flexible
vertical grids (Zhang et al. 2016), thus it can accurately represent the complex 3D
topography of submarine canyons without any manipulation or artifacts like staircases;
the barotropic pressure gradient force error (Haney 1990) is effectively reduced by the
use of the localized and hybridized vertical grid that lowers the coordinate slopes. Other
major characteristics of SCHISM include a hybrid finite element/volume formulation,
semi-implicit time-stepping, implicit vertical advection scheme for transport (TVD2; Ye
et al. 2019), 3rd order WENO transport in the horizontal dimension (Ye et al. 2019), an
efficient and accurate Eulerian-Lagrangian algorithm for momentum advection,
horizontal viscosity scheme (including bi-harmonic viscosity) to effectively filter out
inertial spurious modes without introducing excessive dissipation, etc. For detailed up-todate information about SCHISM, please refer to http://ccrm.vims.edu/schismweb.
The model setup is designed to simulate the hydrodynamical processes inside
Wilmington Canyon, as well as over the broader outer shelf, shelf-break, and continental
slope region surrounding the canyon. In order to achieve this goal, the model’s domain
size, bathymetry, horizontal resolutions, vertical layer layout, time step, simulation time,
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and ramp-up time are all considered. The model domain covers the US east coast from
Florida to Massachusetts, and uses the GMRT (Ryan et al. 2009) v3.7 bathymetry data
(which has 133 m gridded resolution). Overall, there are over 240,000 nodes and 480,000
triangular elements. The model’s horizontal resolution is relatively uniform and high
along the shelf break in the southern and central MAB (Fig. 1 c). Along the shelf-break
isobath (150 m) from ~50 km south of Norfolk Canyon to ~50 km north of Wilmington
Canyon, the resolution is ~400 m; in and around Hudson Canyon the resolution is ~1 km;
in general, the resolution is 2-3 km at the coast (with the exception of the Chesapeake
Bay area where the resolution is higher, depending on depth) and 3-8 km at the open
ocean boundary. In the vertical direction, the model has up to 55 levels depending on
water depth with high vertical resolutions (mostly < = 1 m) at the surface and bottom
(Fig. 1 d). The high horizontal resolution is for capturing physical processes within and
around the canyons. The intensified vertical resolution near the bottom is designed to
capture topographical processes. The model uses a non-split time step of dt = 120 s. Each
model day simulation takes about 25 minutes using 300 cores (1324 Xeon "Broadwell"
cores) on the Bora cluster of William & Mary’s SciClone High Performance Computing
system. The model outputs were saved every 2 hours or 12 times daily (which results in
16 GB of data each day). The model simulations started on January 1 2016, and have a
ramp-up period of 5 days. Model outputs from February 24 - March 8, 2016 are used in
this study. Altogether, these setups allow us to investigate the phenomena both inside the
canyon and over the region surrounding the canyon.
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Our numerical simulation using SCHISM does not assimilate glider data, but it is
subjected to relatively realistic atmospheric and oceanic conditions. It was initialized with
conditions of temperature, salinity, and horizontal velocity from a data-assimilative
global ocean model - the HYbrid Coordinate Ocean Model (HYCOM), Global Ocean
Forecasting System (GOFS) 3.1. This HYCOM model has 1/12 degree resolution which
does not resolve the bathymetry of submarine canyons. At the open ocean boundary of
our SCHISM model, a 1.5 degree nudging zone was set, and boundary conditions were
forced by the temperature, salinity, and de-tided horizontal velocities from HYCOM, as
well as by the tidal elevations and tidal currents from the FES2014 tides database.
Additionally, our model was forced by atmospheric forcing, including winds, heat fluxes,
precipitation, and evaporation, from the North American Regional Reanalysis model
(NARR, 32 km resolution). Finally, our model takes inputs of daily fresh water discharge
of the four major estuaries, i.e. Chesapeake Bay, Delaware Bay, Hudson River,
Connecticut River, in the MAB based on U.S. Geographical Survey (USGS) gauge data.
Altogether, these relatively realistic atmospheric and oceanic conditions allow us to
reasonably hindcast the hydrodynamical phenomena that would have occurred inside
Wilmington Canyon and on the adjacent shelf.
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3. Results
3.1. Consecutive canyon upwelling and downwelling events, Feb-Mar 2016
3.1.1. Evidence of upwelling and downwelling from observed density transects
Temporally and spatially varying hydrographic data, e.g. density, collected through
repeated glider transects inside Wilmington Canyon in late February and early March
2016 show sequential occurrences of upwelling and downwelling. In the cross-canyon
transects, from the first to the second transect (Fig 2 a-b), dense water layers (e.g.σ0 >=
27.0 kg m −3) rose by 50-70 m, consistent with upwelling; from the second to the third
transect (Fig. b-c), dense water layers fell by 50-70 m, consistent with downwelling.
Likewise, in the along-canyon transects (Fig 2 g-i), the density distributions within the
canyon also indicated this same sequence of upwelling and downwelling. In the first and
second along-canyon transects (Fig. 2 g,h), in the water column below 100 m depth,
density layers tilted upward from the canyon mouth towards the shelf by about 80 m,
indicative of upwelling. In the third along-canyon transect (Fig. 2 i), the water layers
tilted downward from the canyon mouth towards the shelf by about 80 m, indicative of
downwelling.
Moreover, both the upwelling and downwelling events lasted over sub-tidal time
scales. The transects with density variations that indicate canyon upwelling (Fig. 2 a-b, gh) were conducted from February 27 to March 3, and the transects that indicate canyon
downwelling (Fig. 2 c, i) from March 5 to 7.
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3.1.2. Modeled vs. observed density transects and water masses
Model fields are extracted along the glider track in time and space to compare with
the observed upwelling and downwelling. The model shows a similar sequence of
upwelling and downwelling events (Fig. 2 d-f) and tilting directions of density layers
associated with upwelling and downwelling (Fig. 2 j-l).
Although differences exist between the observed and modeled fields of temperature
and salinity, both results show similar water column structure and water masses.
Observed temperature and salinity data, and associated T/S diagram at the first alongcanyon transect is used to illustrate the water column structure (Fig. 3 a-b) and the major
water masses within and near the canyon (Fig. 3c). During the study period, the upper
350 m of the water column mainly consisted of three layers of water masses. From
surface downward, identified by their extreme temperature and salinity values, there
were the low-temperature (~ 10 ℃) and low-salinity (<34.5) winter shelf water (WSW),
the high-temperature (~14 ℃) and high-salinity (>= 35.5) upper slope water (USW), the
low-temperature (~9 ℃) and high-salinity (~35.3) intermediate slope water (ISW). The
model underestimates the temperature and salinity of USW by about 0.8 ℃ and 0.4
respectively, and of ISW by about 1 ℃ and 0.1 respectively (Fig. 3f). However, the
model produced a similar layering of the same three water masses as the glider
observation (Fig. 3 d-e). In the following sections, more model results are shown.
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3.1.3. Modeled results at the canyon head
Model results show that the maximum velocities during both upwelling and
downwelling were located near the canyon head. On March 1, amid the upwelling period,
spatial distributions of modeled horizontal velocity hvel and vertical velocity w show the
maximum velocities (upward w and up-canyon hvel) concentrated at the canyon head
(Fig. 4 a,c,e). On March 5, amid the downwelling period, the maximum velocities
(downward w and down-canyon hvel) spreaded near the canyon head and along the
northeast flank of the upper canyon (Fig. 4 b,d,f). Moreover, comparing upwelling and
downwelling circulations, downwelling velocities were stronger with maximum hvel >0.3
m/s, maximum w >15 mm/s, both about twice that during upwelling. These results
suggest that the area near the canyon head, both inside the canyon and on the shelf, needs
to be investigated in detail.
Time series analysis based on the model results shows that the canyon upwelling
event lasted for 8.5 days from February 25 to March 4, 2016, persisted through multiple
tidal cycles, and consisted of a 2-day ramp-up phase, a 5-day quasi steady phase , and a
1.5-day relaxation phase (Fig. 5). In the ramp-up phase on February 25-26, winds blew
from the southwest and then northwest at about 10-15 m/s, cross-shelf SSH gradient
quickly increased from 0 to 3± 1.5 × 10−6 (Fig. 5a). In response to the conditions of
wind and SSH gradient, the near-bottom currents at the canyon head (extracted at 10 m
above sea floor at 110 m isobath), which were southwestward before, now turned
northeastward (i.e. up-canyon), with speed accelerated to about 0.2 m/s (Fig. 5b). The
vertical flow velocity, w, turned from negative to positive (i.e. upward) at 4± 1mm/s. In
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the same two days of upwelling ramp-up, water temperature decreased from 12.5 to 10.7
℃, water density anomaly increased from 26.7 to 27.2 kg m −3(Fig. 5c). In the following
5-day quasi-steady phase of upwelling, from February 27 to March 2, despite tidal
oscillations, westerly winds sustained positive cross-shelf SSH gradient (Fig. 5a), nearbottom currents at the canyon head continuously flew up-canyon at 0.15-0.2 m/s, the
vertical velocity remained upward at 3-5 mm/s (Fig. 5b), water temperature stayed at
10.5-11 ℃, and density anomaly stayed at 27.1-27.2 kg m −3(Fig. 5c). Then during the
relaxation phase on March 3 and first half of March 4, northwesterly winds gave way to
northeasterly winds, cross-shelf SSH gradient decreased to about 0 (Fig. 5a), near-bottom
flow and its vertical velocity both decreased to about 0 as well (Fig. 5b), water
temperature increased to 11.5 ℃, and density anomaly decreased to 27.0 kg m −3(Fig.
5c). These trends during the upwelling relaxation phase continued into the ensuring
downwelling event.
The ensuing downwelling event lasted for 3.5 days from March 4-7 (Fig. 5), and
consisted of 1.5 days of ramp-up, and 2 days of relaxation. In the transition phase
between the upwelling event and downwelling event around 00:00 on March 4, the
directions of winds and SSH gradient flipped from upwelling- to downwelling-favorable.
Throughout March 4, northeasterly and northerly winds kept increasing, and reached
10-16 m/s (Fig. 5 a) before decreasing on March 5 (Fig. 5a). In the second half of March
4 and first 18 hours of March 5, cross-shelf SSH gradient became increasingly negative
from 0 to −4 × 10−6(Fig. 5a). In the same time, near the bottom at the canyon head (10
m above sea floor at 110 m isobath), down-canyon currents increased from 0 to 0.35 m/s,
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vertical velocity accelerated from 0 to −13 mm/s (Fig. 5b), temperature increased to
about 12 ℃, and density anomaly decreased to 26.8 kg m −3(Fig. 5c). After the peak
downwelling responses, during the gradual relaxation phase of the downwelling event,
from the end of March 5 to March 7, wind gradually waned; cross-shelf SSH gradient and
current velocities all gradually waned as well; temperature and density anomaly roughly
stayed constant.

3.2. Modeled results during the upwelling event
3.2.1. Upwelling of slope water from within the canyon onto the shelf
The modeled results show that throughout the upwelling period, upwelling flow
continuously delivered slope water from 215-100 m within the canyon through the
canyon head onto the outer shelf. This modeled result is demonstrated by the distributions
of the along-canyon component of horizontal velocity, vertical velocity, and temperature
at the transect along the main axis of Wilmington Canyon (Fig. 6). The canyon upwelling
flow is characterized by up-canyon horizontal velocity and upward vertical velocity. In
the first two days, i.e. the ramp-up phase, of the upwelling event, in the upper canyon
from the canyon bend to the canyon head, and at depths near the canyon rim, the canyon
upwelling flow, characterized by up-canyon horizontal velocity and upward vertical
velocity fields, accelerated in time, and converged and accelerated towards the canyon
head (Fig. 6 a-b, d-e). Meanwhile, below the canyon rim, slope water rose, and
temperature and density layers tilted up towards the canyon head (Fig. 6 g-h). Then in the
quasi-steady maximum phase of the upwelling event, e.g. on March 1, the canyon-
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upwelling flow was sustained (Fig. 6 c, f). Near the canyon head, the flow’s horizontal
velocity reached 0.4-0.5 m/s, and vertical velocity reached about 5 mm/s. This canyonupwelling flow continuously delivered the lower layers of USW and upper layers of ISW
inside the canyon onto the outer shelf. The deepest source of the upwelled water was at
about 215 m depth near the canyon mouth, which is about 50 m below the canyon rim at
the canyon’s mouth; and the maximum upwelling depth was about 130 m (Fig. 6 i). Once
climbed over the canyon head, the upwelled water was transported northeastward (Fig. 6
b-c) on the bottom of the outer shelf (Fig. 6 h-i).

3.2.2. Intrusion of canyon-upwelled cold water on the shelf
At the bottom of the shelf northeast of Wilmington Canyon, the cold and dense
canyon-upwelled slope water intruded beneath the original warmer and lighter slope
water, and developed into a canyon-upwelling plume. The development of this canyonupwelling plume is shown by the modeled fields of temperature and density at the bottom
model layer (Fig. 7 a-c), at an along-shelf transect (Fig. 7 d-f), and at two cross-shelf
transects (Fig. 7 g-l). On the first day of upwelling, i.e. February 25, the bottom of the
shelf was still occupied by slope water with T>12℃ and σ< 26.8 kg m −3, i.e. USW (Fig.
7 a, d, g, j). By day 2 of upwelling, on February 26, canyon-upwelled slope water with
T<12℃ and σ> 27.0 kg m −3, i.e. ISW, formed a cold water plume (Fig. 7 b, e, h) in the
bottom 20 m on the shelf. In the following 6 days, this cold water plume was sustained on
the shelf, and kept expanding both shoreward and seaward in the cross-shelf direction
(e.g. Fig. 7 h-i), and kept extending northeastward (Fig. 7 b-c, e-f, k-l) in the along-shelf
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direction. As the plume expanded, the bottom temperature on the downstream shelf
between 75-100 m isobaths dropped from 12-13 ℃ (e.g. on February 25) to 10-11 ℃
(e.g. on March 1).
From the canyon head to 30 km northeast of the canyon, the plume’s thickness
decreased, width increased, and temperature increased. Viewing from above, the plume
was in an elongated fan shape with increasing width away from the canyon head (Fig.
7b). In the cross-shelf transect view through the canyon head, the colder plume water (T
= 10-12 ℃) was completely surrounded by the warmer slope water (T >12.5 ℃.) The
plume was up to 50 m thick with lifted isopycnals at the center (Fig. 7 h-i). In the crosstransect located about 15 km northeast of the canyon head, the seaward edge of the plume
water (T = 11-12 ℃) extended under the warm slope water (T > 12.5 ℃). The plume
here was about 20 m thick with isopycnals parallel to the sloping bottom (Fig. 7 l). The
above spatial variations are consistent with an evolving plume originating from the
canyon head, and expanding across the outer shelf while flowing northeastward.
The cold water plume eventually covered > 90% of the outer shelf between the 75
and -150 m isobaths within 30 km northeast of Wilmington Canyon, carrying >6 × 109 m 3
of slope water with T<12 ℃, S>35.2. It is worth mentioning that the model results show
that in this upwelling event, plumes consisting of cold upwelled water were also
generated from the Baltimore Canyon and Spencer Canyon that are located south and
north of Wilmington Canyon respectively. In the maximum phase of upwelling (e.g. on
March 1), upwelling plumes from these three canyons merged and formed a pool of cold
water that was > 100 km long in the along-shelf direction (Fig. 7 c), about 20 km wide in

36

the cross-shelf direction (Fig. 7 c, i, l), and about 20 m thick (Fig. 7 f, i, l). This pool of
upwelled cold water from the submarine canyons covered > 90% of the outer shelf
between 75-150 m isobaths (Fig. 7 c, i). The only shelf area that remained to be occupied
by T>12 ℃ water was located at the corner northeast of the canyon mouth (Fig. 7 c, i).
Within the area of outer shelf between 75-150 m isobaths and between Wilmington
Canyon and Spencer Canyon, the volume of canyon-upwelled slope water with T<12 ℃
and S>35.2 increased from 0 on February 24-25 to 4.5 × 109 m 3 on February 27, and
stayed at >= 4.5 × 109 m 3until the end of upwelling period on March 4 (Fig. 8 a). On
March 1, the peak volume of canyon-upwelled slope water on the shelf was >6 × 109 m 3
on March 1.

3.2.3. Mixing of canyon-upwelled water with warm upper slope water
The cold canyon-upwelled water, with T<12 ℃ and S>35.2, experienced mixing
with the warm upper slope water with T>12.25 ℃ and S>35.2 (see temperature fields in
Fig. 7 f). The volume of the mixed slope water, with 12℃<T<12.25 ℃, S>35.2,
increased as the volume of the upwelled water increased through February 25 - March 1
(Fig. 8 a). After March 1, the volume of the mixed slope water volume kept increasing
even after that of the upwelled slope water started to decline. For example, during the
transitional period between the upwelling event and downwelling event through March
3-4, while the volumes of the canyon-upwelled water and the warm upper slope water
were both declining, the volume of the mixed slope water was increasing. Spatial
distributions of bottom temperature also indicated this mixing process, as indicated by the
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gradually increasing bottom temperature from the canyon head, which is the origin of the
canyon-upwelling plume, to the outskirts of the plume. The increasing volume of mixed
slope water and increasing temperature of bottom water farther downstream of the
canyon head both indicate that the cold upwelled water experienced mixing with the
warm upper slope water.

3.2.4. Impact of the dense upwelled water on shelf circulation
Throughout the upwelling event, the canyon-upwelled plume water on the shelf
induced cross-shelf density fronts and a near-bottom along-shelf frontal jet that flowed
northeastward at speeds up to 0.5 m/s. This is illustrated by the daily mean velocity
distributions on March 1 (Fig. 9 a, b). The plume water was denser than surrounding
water, thus there existed cross-shelf density fronts on both the shoreward and seaward
flanks of the plume (Fig. 9). At the shoreward density front above 75 m isobath, there
was a northeastward-flowing along-shelf frontal jet with speed > 0.5 m/s. Near the
canyon head, the core of this frontal jet was about 7 km wide in the cross-shelf direction,
and was about 30 m thick within the water column at 10-40 m above bottom (Fig. 9 a).
Farther downstream, at 15 km away from the canyon, the core of the jet was
approximately 10 km wide, and 10-15 m thick (Fig. 9 b).
The cross-shelf density gradients also caused secondary cross-shelf circulation,
which allowed the plume to expand both shoreward and seaward. Near the canyon head,
the daily mean cross-shelf circulation on March 1 was characterized by up to 0.1 m/s
shoreward velocity on the shoreward and lower half of the plume, and up to 0.05 m/s
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seward velocity on the seaward and upper half of the plume (Fig. 9 c). Farther
downstream, the cross-shelf circulation was characterized by <0.05 m/s shoreward
velocity on the lower half of the plume, and up to 0.2 m/s seaward velocity on the upper
half of the plume and in the water column above (Fig. 9 d).
The cross-shelf distributions of vertical velocity indicate upwelling localized at the
canyon head (Fig. 9 e) and down-slope movement at the seaward edge of the plume
northeast of the canyon (Fig. 9f). For example, on March 1, in the cross-shelf transect
across the plume, the daily mean w was upward at 3 mm/s at the canyon head (Fig. 9 e).
In the downstream cross-shelf transect, at the seaward front of the plume near the 150 m
isobath, vertical velocity was downward at 3 mm/s, suggestive of downslope transport at
the shelf break (Fig. 9 f). The emerging picture is that of a plume that was upwelled onto
the shelf from the head of the canyon and widened as it was advected downstream to the
northeast; at the seaward edge of the plume at the shelf-break, some upwelled water went
downslope and seaward to the slope sea; however, over the outer shelf with gentle bottom
slope, the plume water was sustained.

3.3. Modeled results during the downwelling event
3.3.1. Receding of the upwelled water from the shelf
In the March 4-7 downwelling event following the upwelling event, the canyonupwelled water receded from the shelf. During the downwelling period, the directions of
winds and SSH gradients (Fig. 5 a, b), as well as shelf currents (Fig. 10 a-b) all switched
to downwelling-favorable. As a result, the supply of upwelled slope water from
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Wilmington Canyon to the shelf stopped, and the existing upwelled water from the
previous upwelling event began to recede from the shelf. Therefore, from the first day of
downwelling on March 4, to the downwelling maximum phase on March 5, to the last
day of downwelling on March 7, the area (Fig. 10 a-c), thickness (e.g. Fig. 10 g-i), and
volume (Fig. 8) of the shelf-residing canyon-upwelled water rapidly decreased.
The upwelled water diminished from the shelf in three ways: mixing with the
surrounding warm slope water, seaward transport towards the continental slope, and
southwestward transport back into the canyon. First, while on the shelf, the cold canyonupwelled water experienced mixing with the ambient warm upper slope water throughout
the study period (see section 3.2.3). Next, in the bottom 15 m of the outer shelf northeast
of the canyon, e.g. at the northeast cross-shelf transect, the upwelled-water experienced
seaward cross-shelf velocity of 0.04-0.06 m/s (Fig. 11 d) and downward vertical velocity
of 1-2 mm/s (Fig. 11 f) towards the shelf-break and deeper continental slope. Finally, the
canyon-upwelled water was carried by southwestward along-shelf currents, and
converged towards the areas near the main head of Wilmington Canyon (Fig. 10 b).

3.3.2. Impact of the dense upwelled water on seaward flow and down-canyon
flow
In the cross-shelf direction, the layer of dense upwelled water on the shelf was
associated with both seaward bottom Ekman transport and seaward down-slope dense
water cascade. Both are indicated by the distributions of velocity components in the
cross-shelf transect northeast of the canyon on March 5 in the downwelling maximum
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phase (Fig. 11 b,d,f). First, from 30 to 5 m above bottom, the southwestward along-shelf
velocity decreased from 0.2-0.3 m/s to 0-0.15 m/s (Fig. 11 b); whereas the seaward crossshelf velocity increased from 0 to approximately 0.05 m/s (Fig. 11 d). This near-bottom
veering of flow from the southwest along-shelf to seaward cross-shelf is consistent with
bottom Ekman transport. Next, in terms of cross-shelf variability of the velocity
components, from shallow to deep isobaths, the along-shelf component decreased (Fig.
11 b); the seaward velocity increased with increasingly steeper bottom slope and peaked
at 90-150 m isobaths (Fig. 11 d); and the vertical velocity also increased but peaked at
150-200 m isobaths over the upper continental slope (Fig. 11 f). These patterns indicate
that some dense upwelled water moved down-slope, i.e. cascaded, to the deeper
continental slope.
Along the thalweg of Wilmington Canyon, the previously upwelled water cascaded
down-slope and down-canyon in up to 0.3 m/s bottom-intensified currents. On March 5
in the downwelling maximum phase, the southwestward flowing downwelling-favorable
shelf currents was intercepted by Wilmington Canyon (Fig. 10 b). Because Wilmington
Canyon incises onto the outer shelf and the upper canyon i.e. the section from the canyon
bend to the canyon head, is oriented southwest-northeast, the previously upwelled
bottom-residing dense water flowed directly back into the canyon (Fig. 10 b; Fig. 11 c, e;
Fig. 12 b), and fell to 200-350 m depths within the canyon (Fig. 12 h, i). As a result, near
the canyon head (Fig. 4 d, f; Fig. 12 e), there were bottom-intensified currents flowing
down-slope inside the canyon, with horizontal velocity of 0.3 m/s (Fig. 12 b) and
downward vertical velocity of 15 mm/s (Fig. 12 e).
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4. Discussion
4.1. Development of canyon-upwelling plumes
4.1.1. Similarities of canyon-upwelling plumes among different studies
The formation of the canyon-upwelling plume from Wilmington Canyon resembles
those of the canyon-upwelling plumes reported in previous studies of canyon upwelling.
These previous studies are either based on numerical simulations (e.g. Kämpf, 2009,
2010; Howatt & Allen, 2013; Ramos-Musalem, 2020; Saldías & Allen, 2020) or
laboratory models (Ramos-Musalem, 2020) of idealized straight and smooth canyons that
are perpendicular to the shelf-break. In contrast, non-smoothed bathymetry (based on
bathymetry from GMRT, not designed by mathematical function), and relatively realistic
conditions (with inputs of winds, tides, ocean currents, water column structure from dataassimilative models, see Section 2.4) are used in our study. Despite these differences in
model setup, our study and previous studies all show that under upwelling-favorable
conditions, dense water from a submarine canyon would upwell onto the shelf and form a
canyon upwelling plume on the downstream shelf (e.g. Fig. 7; Fig. 6 in Howatt & Allen
2013; Figs 3.5, 4.3 in Ramos-Musalem, 2020).
The expansion, geometric characteristics, and extent of the canyon-upwelling plume
from Wilmington Canyon, as well as the density front and frontal jet associated with the
plume, also resemble those of previous studies. In the steady phase of upwelling, a
typical canyon-upwelling plume would reside roughly in the bottom 1/10 to ⅓ (thicker at
the canyon head, and thinner at the fronts of the plume) of the water column of the outer

42

shelf. The plume would extend downstream for a distance >5 times that of the canyon
width in the along-shelf direction. As it is advected downstream the plume would expand
in the cross-shelf direction for a distance on the same order of or greater than the canyon
length. Depending on a canyon’s orientation, the initial trajectory of the plume water
close to the canyon head would differ: a plume generated from a straight canyon
perpendicular to the shelf-break (Fig. 6 in Howatt & Allen, 2013; Fig. 3.5 in RamosMusalem, 2020), would intrude farther shoreward initially before veering downstream in
the along-shelf direction; a plume generated from Wilmington Canyon, whose main head
is oriented only about 17º from the along-shelf-break direction, would tend to flow
directly in the along-shelf direction (Fig. 7 a-c). However, regardless of a canyon’s
orientation, further downstream of the canyon, the dense plume water would be sustained
on the shelf, and mainly flow in the along-shelf direction. On the shoreward density front
associated with the plume water, there is a near-bottom frontal jet (Fig. 9 a; Kämpf, 2009;
Saldías & Allen 2020; Chapter 3 of Ramos-Musalem 2020). Finally, our study and
previous studies all show that if the upwelling-favorable conditions last for multiple days,
the upwelled water from a submarine canyon would eventually cover an area on the outer
shelf that is several or even tens of times of the area of the canyon itself.

4.1.2. Drivers for the formation and development of canyon-upwelling plumes
The common formation and development processes of the canyon-upwelling
plumes from different studies is likely due to two common factors: the seaward crossshelf SSH gradients in the ambient environment (i.e. barotropic pressure gradient) and the
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cross-shelf density gradients induced by the upwelled dense water itself (i.e. baroclinic
pressure gradient). Here we provide a conceptual explanation for the development
process of the plume (Fig. 13). First, our model and previous canyon upwelling models
all involve a seaward cross-shelf SSH gradient (Fig. 12 a), which can be indirectly caused
by upwelling-favorable winds or can be directly included in the model setup. A seaward
SSH gradient is associated with a landward pressure gradient force and a left-bound
along-shelf flow over the continental shelf and slope. The landward pressure gradient
force and along-shelf flow lead to canyon upwelling, i.e. they cause deep slope water to
be channeled through the canyon onto the shelf (Freeland, 1982; Klinck, 1996); once
being upwelled onto the shelf, the dense water is then transported downstream by the
along-shelf flow. Thereby, a canyon-upwelling plume is generated and advected
downstream on the bottom of the shelf.
Next, our model and previous canyon upwelling models all show that the upwelled
dense water extending on the outer shelf causes cross-shelf density gradients that impact
both along-shelf and cross-shelf circulations. At the landward density front of the plume,
cross-shelf density gradient tends to induce an along-shelf geostrophic flow that goes in
the same direction as the ambient shelf currents set up by the SSH gradients (Fig. 13 a);
and therefore, the along-shelf velocity is intensified there and a near-bottom frontal jet
emerges. In the cross-shelf and cross-plume transects, near the canyon head where dense
isopycnals are elevated at the plume’s center, dense water tends to flow shoreward on the
plume’s shoreward half, and tends to flow seaward on its seaward half (e.g. Fig. 9 c).
Farther downstream, where the isopycnals are nearly parallel to the sloping seafloor,
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dense water cascading tends to occur, i.e. dense water tends to flow down-slope and
seaward towards deeper isobaths (e.g. Fig. 9 d). However, bottom Ekman transport also
affects the cross-shelf movement of the plume. The bottom Ekman transport, whose
direction is to the left of the along-shelf flow in the interior of the water column, tends to
cause the bottom portion of the plume to move shoreward to shallower isobaths. Thus,
during an upwelling event, on the bottom of the outer shelf downstream of a submarine
canyon, bottom Ekman transport and dense water cascading would compete in moving
the plume to opposite directions. Because dense water cascading is stronger over steeper
bottoms, the upwelling plume is sustained over the gentler-sloped portion of the outer
shelf, but is veered seaward and down-slope near the shelf-break (e.g. Fig. 9 d,f).
Thus, due to the cross-shelf SSH gradients in the ambient environment and the
cross-shelf density gradients induced by the dense plume water itself, a canyon-upwelling
plume experiences along-shelf advection, near-bottom along-shelf frontal jet, as well as
landward Ekman transport and seaward dense water cascade, allowing the plume water to
expand in both the along-shelf and cross-shelf direction and to cover a large areas on the
downstream shelf.

4.2. Strong downwelling circulation in Wilmington Canyon
In this study, flow velocities within Wilmington Canyon were stronger during the
downwelling event than the preceding upwelling event (e.g. Fig. 4), and the downwelling
depth was about the same as upwelling depth (e.g. Fig. 6 i vs. Fig. 12 h, measured by the
change of depth experienced by the isopycnals from the canyon mouth to the canyon
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head). These results seemingly contradict the well-established understanding that canyon
downwelling is weaker than that of canyon upwelling (e.g. Klinck, 1996; Spurgin &
Allen, 2014). Considering the circumstances, however, the discrepancy is
understandable. Most previous modeling studies considered upwelling scenarios and
downwelling scenarios separately. Often in these studies, separate upwelling and
downwelling simulations were set up with opposite along-shelf flows (e.g. Klinck, 1996);
or along-shelf winds (e.g. Zhang & Lentz, 2017) over a straight canyon that is
perpendicular to the shelf-break. However, this study investigates a real-world scenario in
which a downwelling event occurred right after an upwelling event; it also focuses on a
submarine canyon whose main head is oriented only about 17∘ from the along-shelf
direction. In the upwelling event, dense water was upwelled onto and sustained on the
shelf. When the upwelling event ended, and conditions switched to downwellingfavorable, the southwestward ambient shelf currents followed converging isobaths into
the canyon, and were channeled down-canyon from the canyon head towards the canyon
bend and canyon mouth. Carried by the surrounding shelf currents, the remaining dense
upwelled water from the preceding upwelling event also flowed back towards the canyon;
at the canyon head and at the canyon’s northern wall, the dense water cascaded
downslope into deeper depths inside the canyon. Due to the canyon’s channeling effect
and the dense upwelled water’s cascading, the circulation of Wilmington Canyon and the
drop of isopycnals in the downwelling event were stronger than those from a classical
canyon downwelling simulation.
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The bottom-intensified down-slope currents during the downwelling event are also
different from the classical understanding that vertically the strongest responses of both
canyon upwelling and downwelling phenomena are near the depth of the canyon rim
(Allen & de Madron, 2009; Spurgin & Allen, 2014). In our study, the velocity distribution
during the upwelling event was near the canyon head and rim-depth, consistent with the
classical understanding. However, during the downwelling event in Wilmington Canyon,
the maximum velocities resided near the bottom instead of rim-depth. This is also caused
by the dense water cascade.
The bottom-intensified down-slope density flow (i.e. hyperpycnal flow) can
potentially increase sediment transport to the deep sea. The model results show that
bottom stress beneaths this bottom-intensified density flow (e.g., at the seabed of 90-400
isobaths in the upper canyon) exceeded 0.1 pa, greater than any other locations in the
study region. This enhanced bottom stress can potentially erode sediments and induce
turbidity currents, increasing sediment transport towards the deep ocean.

4.3. Potential significance of canyon upwelling plumes to the MAB
4.3.1. Supply of water, salt, and nutrients to the shelf
Canyon-upwelling plumes have not been reported in previous observational or
modeling studies of the MAB. However, they are likely important features that have the
potential to supply significant quantities of water, salt, and nutrients from the slope sea to
the continental shelf of the MAB. Apple-to-apple comparison with previous studies or
detailed budgeting of salt and nutrients are prone to mis-match of scales, because
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previous studies focused on the seasonal or inter-annual time scales covering the whole
MAB, whereas this study focuses on only one event at one specific canyon. However, the
conclusion that canyon exchange processes play an important role in supplying slope
water masses to the shelf is reasonable based on our modeling results. A canyonupwelling plume, such as the one from Wilmington Canyon in this study, has its source
water from the bottom layers of the Upper Slope Water (USW), which were located
roughly at 100-150 m depths in this study, and top layers of the Intermediate Slope Water
(ISW), which were located roughly at 150-215 m depths in this study. Both water masses
are very salty (S>35.2, compared to the popular definition of shelf waters using S<34.5 or
S<35 in previous studies). ISW also has relatively high nutrient concentration (e.g. He et
al., 2011). Thus, canyon-upwelling plumes consisting of ISW would be sources of salt
and nutrients from the slope sea to the shelf.
In a multi-day strong upwelling event, such as the event described in this study, a
large volume of slope water can be delivered from a submarine canyon to the shelf.
During the February 25 - March 3 upwelling event in this study, the peak volume of
upwelled water (T<12 ℃, S>35.2) from Wilmington Canyon that was sustained on the
shelf was estimated to be > 6 × 109 m 3. In comparison, based on USGS gauge data during
the same period, the total freshwater (S=0) inputs from all tributaries to the Chesapeake
bay, which is the largest estuary of the MAB, was about 4 × 109 m 3. Thus, it is reasonable
to conclude that submarine canyons supply a significant amount of deep-sourced (from
150-215 m depths) slope water during major upwelling events.
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The high salinity and nutrient concentration, as well as the large volume of
upwelled water, mean that submarine canyons can contribute to the cross-shelf flux of
salt and nutrients from the slope sea to the shelf. Previous analyses of salt budget on the
MAB shelf (Lentz, 2010) and particularly in the subregion between Delaware Bay and
Chesapeake Bay in MAB (Fleming, 2016) concluded that there needs to be net crossshelf salt flux from slope to the shelf. Nutrient budget analysis also concluded shoreward
cross-shelf-slope flux of dissolved inorganic nitrogen in the southern MAB (Friedrichs et
al., 2019). Based on our study, upwelled water from the submarine canyons located on
the shelf-break might be one of the major contributors to the cross-shelf flux of salt and
nutrients from the slope to the shelf.

4.3.2. Bottom cold water and implication for benthic ecosystem
The cold canyon-upwelling plume consisting of upwelled water from Wilmington
Canyon is different from the well-known MAB bottom shelf Cold Pool. The shelf Cold
Pool is fresher (S<33.5); it is formed due to wintertime surface cooling and mixing; it
persists over the mid- and outer shelf (30-80 m isobaths) through the stratified seasons,
when it is partially protected by the seasonal pycnocline at its top, and by the shelf-slope
density front (i.e. shelf-break front) on its seaward side. In comparison, the cold pool of
canyon-upwelled water from our simulation Wilmington Canyon during late February
and early March, 2016, is saltier (S>35.2); it is upwelled from within the canyons onto
the outer shelf during wind-forced canyon upwelling events; it is a transient feature that is
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sustained on the shelf by upwelling-favorable winds and SSH gradients during an
upwelling event.
The presence of the cold and nutrient-rich canyon-upwelled water on the outer
shelf, as well as the associated frontal jet, can potentially impact the benthic ecosystems.
First, many benthic marine animals congregate near the canyons on the outer shelf of the
MAB (e.g. Grimes et al., 1980; Rudders & Hudson, 2015), and they are sensitive to
changes in temperature. For example, the Golden Tilefish, Atlantic Sea Scallop, Atlantic
Surf Clams prefer certain ranges of temperature. During the 8.5 day upwelling event in
our study, the presence of upwelled cold water from Wilmington Canyon lowered the
temperature on the bottom of the downstream outer shelf by about 2 ℃. The presence of
this cold canyon-upwelled water can potentially impact the behavior and metabolism of
the benthic animals. Secondly, if a strong upwelling event occurs before the Spring
Bloom, the nutrient-rich upwelled water from the canyons might fuel primary production,
which would in turn support the entire food chain. Finally, the near-bottom frontal jet
associated with the canyon-upwelled water, which is >0.5 m/s in our simulation, can
potentially act as a highway for larvae transport.
To assess the overall physical and biogeochemical impact of submarine canyon
upwelling, a larger scale analysis for multiple MAB canyons over a longer period of time
would be needed.
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5. Conclusions
Consecutive events of upwelling (February 25 - March 3, 2016) and downwelling
(March 4-7, 2016) occurred over Wilmington Canyon in the southern MAB. At first
during upwelling, on the bottom of the outer shelf (75-150 m isobaths), a cold water
plume that eventually contained over 6 × 109 m 3 of upwelled slope water from the
canyon expanded beneath the warmer upper slope water and northeastward for over 30
km, lowering temperature within the bottom 10-30 m of the outer shelf by up to 2 C,
inducing a near-bottom frontal jet with speeds over 0.5 m/s. In the ensuing downwelling
event, the canyon-upwelled slope water receded from the shelf, causing 0.3 m/s bottomintensified down-slope currents in the upper canyon near the canyon head. The above
features have not been reported in previous observational or modeling studies of the
MAB. However, they have the potential to supply significant quantities of water, salt, and
nutrients from the slope sea to the continental shelf of the MAB.
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(c) Model domain and resolution

depth (m)

(d) Model vertical layers

Along-canyon-axis
distance (km)

Cross-canyon

Figure 1. (a) Location of Wilmington Canyon shown in a bathymetry map of the Mid-Atlantic
Bight, the thick black contour indicates the 150 m isobath. (b) Bathymetry of Wilmington
Canyon, with the dots showing the horizontal nodes of SCHISM model, magenta line showing
the glider survey track, and dashed black lines showing the along-canyon and cross-canyon
transects for observation-model comparison. (c) SCHISM model domain and resolution in
equivalent diameter. The model uses >24,000 horizontal nodes, >48,000 unstructured triangular
grids, with 350-1000 m resolution over the submarine canyons and adjacent shelf and slope.
The magenta line indicates the 150 m isobath. (d) Model setup for the vertical layers along and
across Wilmington Canyon. There are up to 55 vertical layers depending on water depth. In
general, relatively high vertical resolution (0-5 m) is set up for the bottom 25 m of the water
column.
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Feb 28 06:49

Feb 27 10:55

Mar 3 02:55

Mar 2 00:01

Mar 3 21:19

Mar 5 07:36

Glider
Longitude

Model
Feb 29 18:32

Feb 28 22:38

Mar 4 10:52

Mar 3 12:47

Mar 7 21:23

Mar 6 13:29

Glider
Latitude
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Figure 2. Observed (1st and 3rd rows) and modeled (2nd and 4th rows) density fields in the crosscanyon and along-canyon transects. The times of the beginning and end of each glider transect
are shown at the top. The modeled results are averaged over the approximate time frames
corresponding to the glider survey.
Note: the glider was programmed to climb up once it dived to 350 m depth or to 5-10 m above
the seafloor, thus it did not observe the properties in the bottom boundary layer. The model is
designed with intensified vertical layers within 25 m of the seafloor, thus it captured the
features in the bottom layer.
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Figure 3. Observed (top row) and modeled (bottom row) temperature (1st column) and salinity
(2nd column) fields, and corresponding T/S diagrams (3rd column, in which color indicates
depth).
Note: the glider was programmed to climb up once it dived to 350 m depth or to 5-10 m above
the seafloor, thus it did not observe the properties in the bottom boundary layer. The model is
designed with intensified vertical layers within 25 m of the seafloor, thus it captured the
features in the bottom layer. The dashed eclipses in (a) and (d) demonstrates that the glider only
captured a parcel of the upwelled cold water because it avoided the bottom boundary layer.
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Figure 4. Modeled fields of (a, b) horizontal velocity hvel and (c, d) vertical velocity w at the
shelf-break depth of Z = -150 m on March 1 (left column) and 5 (right column), during the
maximum phases of upwelling and downwelling, respectively. This figure shows the spatial
context of canyon upwelling and downwelling, particularly where upwelling and
downwelling were strongest.
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Time series at the head of Wilmington Canyon, based on model inputs and outputs
(a) wind vector & cross-shelf SSH gradient

(b) bottom layer horizontal & vertical velocities

(c) bottom layer temperature and density anomaly

Upwelling (w>0)

Downwelling (w<0)

Figure 5. Time series of wind vectors and modeled hydrodynamic variables. The phases of the
consecutive events of canyon upwelling and downwelling are demonstrated by the time series.
Note: the point location from which model outputs is extracted is at about 10 m above bottom at
110 m isobath, at the canyon head. SSH gradient is roughly between 60 m and 500 m isobaths
at a cross-shelf transect passing the canyon head (see Fig. 7).
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130 m
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Figure 6. Modeled Hydrographic conditions at the transect along the canyon’s main axis (the
location of the transect is shown in Fig. 7), on February 25, 26, and March 1, which represent
the beginning, ramp-up phase, and quasi steady phase of the upwelling event, respectively.
(a-c) horizontal velocity component in the along-canyon-axis direction, positive is towards the
canyon mouth; (d-f) vertical velocity w, positive is upward; (g-i) temperature. Contours are
density anomaly
Note: vertical dash lines indicate the approximate locations of the canyon head, bend, and
mouth. Slant dash line dictates the approximate location of the portion of the canyon rim from
the canyon head to the canyon mouth (the seaward portion of the canyon rim is not shown).
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Figure 7. Modeled daily mean temperature fields showing the expansion of canyon-upwelled
water on the shelf during the upwelling event.
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Time series based on model outputs
Canyon-upwelled water

Vertical velocity w

Mixed slope water

Warm upper slope water

Cold outer shelf water

Upwelling (w>0)

Downwelling (w<0)

Figure 8. Time series of the daily mean volume of waters with different T, S that resided
on the outer shelf between the 75-150 m isobaths and between Wilmington Canyon and
Spencer Canyon. Waters are categorized as: canyon-upwelled water (T<12 C, S>35.2),
mixed slope water (12<T<12.5 C, S>35.2), warm upper slope water (T>12.25 C,
S>35.2), cold outer shelf water (T<12 C, S<35.2). Also see Fig. 7 f.
Note: the spatial boundaries for the volume calculation are shown by the magenta
isobaths and the two dashed black lines in Fig 7 c. w in the bottom model layer at
canyon head is also shown (same as Fig 4 b) to indicate the time frames of the
upwelling and downwelling events. For volume calculations associated with model
prisms (the model variable are calculated at at the nodes or edges of a prism), the
volume of each model prism is calculated via the product of the area of the horizontal
triangle element and the averaged vertical layer thickness on the prism’s three vertical
sides; temperature, salinity, density, velocities etc. of each prism is assigned with the
averaged values at its six nodes.
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Velocity distributions on March 1, peak of upwelling
B-B’

C-C’

Northeast
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v
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Southwest
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Canyon head
head
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e
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Figure 9. Cross-shelf distributions of velocity fields on March 1 during the
upwelling event. (top) along-shelf component with positive direction pointing
northeastward, (2nd row) cross-shelf component with positive direction pointing
seaward, (bottom) vertical component with positive direction point upward. This
figure shows the along-shelf frontal jet, the cross-shelf expansion, the origin of the
plume at the canyon head, and dense water cascade at the seaward edge of the
plume.
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Figure 10. Modeled daily mean temperature fields showing the receding of upwelled slope
water from the shelf.
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Velocity distributions on March 5, peak of downwelling
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Figure 11. Cross-shelf distributions of velocity fields on March 5 during the
downwelling event. (top) along-shelf component with positive direction pointing
northeastward, (2nd row) cross-shelf component with positive direction pointing
seaward, (bottom) vertical component with positive direction point upward. This
figure shows the southwest advection and convergence of near-bottom flow towards
the canyon, seaward and down-slope near-bottom dense water flow, and seaward
bottom Ekman transport.
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Figure 12. Modeled Hydrographic conditions at the transect along the canyon’s main
axis (see Fig. 7), on March 1, 5, 7, which represent the transitional phase between
upwelling and downwelling, maximum phase of downwelling, and the last day of the
downwelling event, respectively. (a-c) horizontal velocity component in the alongcanyon-axis direction, positive is towards the canyon mouth. (d-f) vertical velocity,
positive is upward. (g-i) temperature.
Contours are density anomaly. Vertical dash lines indicate the approximate locations of
the canyon head, bend, and mouth. Slant dash line dictates the approximate location of
the portion of the canyon rim from the canyon head to the canyon mouth (the seaward
portion of the canyon rim is not shown). This figures shows that the previously
upwelled water retreated to the canyon, also the down-canyon, down-slope, near-bottom
dense water flow in this process.
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a. Upwelling

Cross-shelf transect view of density, forces, flows

b. Downwelling

Plan view of the upwelled water and associated flows
c. Upwelling

d. Downwelling

Figure 13. Conceptual schematics of the development and receding of the canyonupwelling plume (canyon-upwelled water) during the upwelling event and the
downwelling event.
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Chapter 3. Dynamics of Submarine Canyon Upwelling and Downwelling — a
realistic modeling study at Wilmington Canyon

Key points:
1. Canyon upwelling and downwelling at Wilmington Canyon were wind-forced
sub-tidal phenomena and their occurrences were not impacted by tidal forcing.
2. Due to ageostrophic dynamics driven by the horizontal pressure gradient forces,
upwelling and downwelling were enhanced spatially in Wilmington Canyon
compared to the adjacent shelf-break.
3. Outside of the canyon, the flows over the shelf-break and outer shelf were mainly
geostrophic.
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Abstract:
Some essential characterizations of canyon upwelling and downwelling dynamics
derived from numerical studies of idealized canyons (straight, smooth, perpendicular to
the shelf-break) without tidal forcing have not been tested for Wilmington Canyon in the
Mid-Atlantic Bight (MAB). Wilmington Canyon is characterized by complex bathymetry
including a major axis bend, and the canyon flow experiences both tidal forcing and wind
forcing. Three hypotheses are tested for Wilmington Canyon using numerical simulations
for February 25 – March 7, 2016. The hypotheses are: (1) canyon upwelling and
downwelling are wind-forced sub-tidal phenomena and only marginally impacted by tidal
forcing; (2) canyon upwelling and downwelling are ageostrophic processes driven by
barotropic and baroclinic horizontal pressure gradient forces; (3) due to ageostrophic
dynamics inside the canyon, upwelling and downwelling are stronger at the canyon than
over the adjacent shelf-break. The findings of this study largely support these hypotheses.
Canyon upwelling and downwelling in Wilmington Canyon were wind-forced sub-tidal
phenomena and their occurrences were not impacted by tidal forcing. Tidal oscillations
dominated in deeper parts of the canyon, below below the pycnocline and below the
zones where canyon upwelling and downwelling occurred. The tidally-averaged
dynamics was ageostrophic within the canyon, but geostrophic outside of the canyon.
Inside the canyon, the barotropic and baroclinic pressure gradient forces opposed each
other and governed the ageostrophic processes of canyon upwelling and downwelling.
Over the normal shelf-break region, Coriolis force balanced the pressure gradient forces,
leading to geostrophic balance. Away from the canyon head and boundary layer,
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baroclinic effects and geostrophic dynamics also governed the canyon-upwelling frontal
jet on the shelf. Since dynamics are ageostrophic inside the canyon and geostrophic away
from the canyon, upwelling and downwelling are enhanced spatially in Wilmington
Canyon.

1. Introduction
Some essential characterizations of canyon upwelling and downwelling dynamics
derived from process-oriented numerical studies of idealized canyons (straight, smooth,
perpendicular to the shelf-break) and non-dimensional analyses have not been tested for
Wilmington Canyon in the Mid-Atlantic Bight (MAB). Based on numerical simulations
using relatively realistic bathymetry and ocean conditions, this chapter analyzes the
dynamics associated with Wilmington Canyon during Feb 25 – Mar 7, 2016, when a subtidal upwelling event and downwelling event consecutively occurred (see Chapter 1).
Three hypotheses, all based on previous canyon studies, are tested here: (1) canyon
upwelling and downwelling are wind-forced sub-tidal phenomena and only marginally
impacted by tidal forcing; (2) canyon upwelling and downwelling are ageostrophic
processes driven by barotropic and baroclinic horizontal pressure gradient forces
(HPGFs); (3) due to ageostrophic dynamics inside the canyon, upwelling and
downwelling are stronger at the canyon than over the adjacent shelf-break.
Canyon flows respond to both wind forcing and tidal forcing (e.g. Allen & de
Madron, 2009). Wind forcing can lead to sub-tidal upwelling and downwelling (Hickey,
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1997). The interaction between barotropic tides and canyon topography can generate
internal tides (Carter et al., 2012). Mooring observations have shown that the sub-inertial
(also sub-tidal) flow responses to strong wind events are distinguishable from tidal
oscillations (e.g. Hunkins, 1988; Hickey, 1997; Harris et al., 2003). Based on the
assumption that canyon upwelling and downwelling are wind-forced phenomena, the
idealized models (with a generic canyon that is smooth, straight, and perpendicular to the
shelf-break) used in process-oriented studies on canyon upwelling and downwelling
usually only include forcing of constant winds or background flow, and rarely include
tidal forcing. A Numerical modeling of an idealized canyon forced via prescription of
oscillatory flows superposed on steady background flows by Kämpf (2009) found that
oscillatory flow does not contribute to net onshore transport of dense water. In this
numerical modeling study of Wilmington Canyon, realistic wind forcing and tidal forcing
are included, and the impact of tidal forcing on wind-forced canyon upwelling and
downwelling is inspected.
Canyon topography induces stronger upwelling and downwelling, and lead to
greater cross-shelf-slope exchanges compared to a smooth shelf-break (Klinck 1996;
Allen & de Madron 2009). When tidally averaged, the ambient flow over the shelf break
region is generally geostrophic (balanced by pressure gradient forces and Coriolis force)
and along-isobath. However, a shelf-break canyon interrupts isobaths, increases local
Rossby number, and renders ageostrophic cross-isobath flows (Allen & de Madron,
2009).
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Canyon upwelling and downwelling are ageostrophic processes dominated by
barotropic and baroclinic pressure gradient forces (Klinck 1996). Typically a canyon
steers the incoming flow into the canyon, changes the direction of the Coriolis force, and
results in unbalanced barotropic horizontal pressure gradient force (HPGF) over the
canyon. Consequently, density layers within the canyon respond and generate baroclinic
HPGF to counter the barotropic HPGF, and canyon upwelling or downwelling occurs
(Freeland, 1982; Klinck 1996).
In this numerical modeling study of Wilmington Canyon, we performed a
simulation with tidal forcing and a simulation without tidal forcing to investigate how the
sub-tidal wind-forced phenomena and tide-forced tidal phenomena are superimposed and
whether the phenomena can be separated in time and space. In addition, by directly
analyzing the force terms in the momentum equation, we examine whether the sub-tidal
dynamics within Wilmington Canyon are indeed driven by HPGFs and ageostrophic, and
whether the dynamics outside of the canyon are geostrophic.
The rest of this chapter is organized as follows. The numerical experiments (Tide
case and No-Tide case) and the formulation of the force terms in the momentum equation
are described in Section 2. Results are presented in Section 3, discussed in Section 4, and
summarized in Section 5.
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2. Methods
2.1. Numerical modeling experiments
The SCHISM model setup for this Chapter is similar to that in Chapter 2 (see
Chapter 2, section 2.2), but two numerical experiments are performed for this Chapter.
First, the Tide case with tidal forcing, which is identical to the model run in Chapter 2.
Next, the No-Tide case, in which the tidal forcing is removed from the open ocean
boundary.
2.2. Governing equations in SCHISM
Using the Analytical Module in SCHISM (Zhang et al., 2016), the force terms in the
momentum equation were calculated at each time step and each model node and were
included in the model outputs. In this study, instead of non-dimensional numbers, the
force terms in the momentum equation are used to characterize dynamics within and
outside of Wilmington Canyon.
The model simulation uses the hydrostatic solver inside SCHISM, which solves the
standard Navier-Stokes equations with hydrostatic and Boussinesq approximations.
Numerical methods of solving the governing equations are provided in SCHISM user
manual [http://ccrm.vims.edu/schismweb/]. The formulation of the governing equations
and the definitions of the force terms are described in the following.

Horizontal momentum equation:
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η

Du
∂u
g
=
+ (u ∙ ∇) u = − g ∇η −
∇ρ d ζ + f (v, − u ) + Fm + mz + oth ers
Dt
∂t
ρ0 ∫
z

Vertical momentum equation:

Dw
1 ∂p
= 0 =−
−g
Dt
ρ ∂z

Continuity equation:

∂u
∂v
∂w
+
+
=0
∂x
∂y
∂z

Boundary conditions:

Az

∂u
= τw, at at z = η
∂z

Az

∂u
= τb, at at z = − h
∂z

Where,
Bold font indicates vector variables

x, y, z, spatial coordinates, positive directions are east, north, up
t, time
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u, v, w, velocity components in x, y, z directions in [m/s]
u(x, y, z, t), horizontal velocity vector (hvel) with Cartesian components (u, v)
D ∂
, , total and partial time derivatives
Dt ∂t
∇, horizontal gradient operator (

∂ ∂
,
)
∂x ∂ y

η(x, y, t), free-surface elevation in [m]
g, gravitational acceleration
ρ, ρ0, density and reference density of seawater in [kgm −3]
p, hydrostatic pressure
f, Coriolis parameter
force, means real force per unit mass in [m s −2]

Fm, horizontal viscosity force in [m s −2]
mz, vertical viscosity force in [m s −2]
others, including gradient force of air pressure, gradient force of Earth tidal potential,
and radiation stress etc.

Az, vertical eddy viscosity coefficient
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τw, wind shear stress
τb, bottom frictional stress

2.3. Definition of force terms, ratios between force terms
In the analysis of the results, the force terms are defined as:

Total acceleration = local acceleration + advection:

Du
∂u
=
+ (u ∙ ∇) u
Dt
∂t

Barotropic horizontal pressure gradient force (HPGF): −g ∇η
η

g
∇ρ d ζ
baroclinic HPGF: −
ρ0 ∫
z

HPGFs = barotropic HPGF + baroclinic HPGF
Coriolis force in x, y directions: CF = f v, − f u
Viscosity force: VF = Fm + mz
In Section 3.2, the distribution of these force terms will be used to characterize flow
dynamics inside the canyon and over the adjacent shelf and shelf-break region.
Moreover, the ratio |advection/CF|, effectively a more accurate variant of the Rossby
number (RO =

U
), is used to determine whether the dynamics is geostrophic.
fL
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3. Results
3.1. Separation of sub-tidal and tidal phenomena
3.1.1. Separation of sub-tidal and tidal phenomena in time
Sub-tidal and tidal phenomena correspond to different dynamical drivers, they are
superimposed on each other but can be separated. Time series at the canyon head from
the Tide and No-Tide simulations showed the same sub-tidal upwelling and downwelling
events in response to changes in winds and cross-shelf SSH gradients. Tidal oscillations
were superimposed on the sub-tidal events in the Tide case, and were absent in the NoTide case (Fig. 2).
In the Tide case, time series of near-bottom velocities, temperature, and density all
displayed the sub-tidal events of upwelling and downwelling as well as tidal oscillations
(Fig. 2 b,c). It is worth mentioning that our study period (25 February - 7 March 2016)
was about the same length as a spring-neap cycle. Neap tide occurred around March 2,
and spring tides occurred around February 24 and March 9. The sub-tidal upwelling event
(February 25 - March 4) corresponded to 8.5 days of upwelling-favorable southwesterly
and northwesterly winds and persistently positive cross-shelf SSH gradients (Fig. 2 a).
The sub-tidal downwelling event (March 4-7) corresponded to 3.5 days of downwellingfavorable northerly and northeasterly winds and persistently negative cross-shelf SSH
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gradients. Tidal oscillations were mainly semi-diurnal, and superimposed on the sub-tidal
signals (Fig. 2 a-c).
In the No-Tide case, where tidal forcing was turned off, the sub-tidal events of
canyon upwelling and downwelling, demonstrated by the time series of velocities,
temperature, and density, still occurred in the same periods and at nearly the same
magnitudes (Fig. 2 d-e).
These results suggest that canyon upwelling and downwelling were sub-tidal
processes driven by winds and pressure gradients (associated with SSH gradients), and
they would occur with or without tides.

3.1.2. Separation of sub-tidal and tidal phenomena in space
Although sub-tidal and tidal phenomena occurred everywhere inside the canyon,
each phenomenon dominated at different locations inside the canyon. This is
demonstrated by the vertical velocity and density fields at the along-canyon transect in
Figures 3, which shows the 6-hourly snapshots from February 28 18:00 to March 1 00:00
amid the upwelling event. During upwelling, there was a canyon-upwelling zone located
at near-rim depths (50-250 m) near the canyon head (90-250 m isobaths); and there was a
tidal zone below the canyon-upwelling zone in the deeper section of the canyon (300-600
m isobaths). In the canyon-upwelling zone, w was persistently positive at 4-6 mm/s,
isopycnals persistently tilted upward towards the canyon head. In the tidal zone, w
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fluctuated semi-diurnally between +3 mm/s and -3 mm/s, and isopycnals were relatively
flat and slightly tilted downward towards the canyon floor. In the No-Tide case, the
canyon-upwelling zone remained where w was also positive at 4-6 mm/s, but the tidal
zone disappeared (w was < 1 mm/s, and no longer oscillated semi-diurnally).

3.2. Sub-tidal dynamics within and outside of Wilmington Canyon
3.2.1. Comparison of upwelling and downwelling inside Wilmington Canyon
versus adjacent shelf break
The upwelling and downwelling phenomena were localized at the canyon and were
negligible at the adjacent shelf break region. Here the tidally-averaged daily mean fields
of vertical velocity w and density fields on February 29 during upwelling and on March 5
during downwelling are presented (Fig. 4); and three transects are compared: the alongcanyon transect, the Northern-1 cross-shelf transect which passes through the canyon
head, and the Northern-2 cross-shelf transect further north of the canyon (Figs. 1). On
February 29 during the upwelling event, upward daily mean w was +3-5 mm/s near the
canyon rim and head (Fig 4 a,b). On March 5 during the downwelling event, downward
daily mean w exceeded -15 mm/s within the downwelling zone located at 100-300 m
isobaths. During the same upwelling and downwelling events, the magnitude of w at the
shelf-break was < 2 mm/s. It is worth noting that near the bottom at the Northern-2 shelfbreak transect, upwelled dense water from the canyon caused shoaling isopycnals and
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negative w during the upwelling event (Fig. 4 c). Clearly, the upwelling and downwelling
phenomena were induced by canyon topography.
3.2.2. Barolinic responses within the canyon to regional barotropic pressure
gradients
The canyon upwelling event was associated with regional barotropic HPGF
(−g ∇η) that was pointing shoreward (Fig. 5a), and the canyon downwelling event was
associated with seaward barotropic HPGF (Fig 5 b). At Wilmington Canyon (also other
canyons which are out of the scope of this study), the distributions of barotropic HPGF
are altered. In general, barotropic HPGF was topographically steered (in terms of
direction) and enhanced (in terms of magnitude) at the canyon, especially near the canyon
head. Within the canyon, at the along-canyon transect the barolinic HPGF
η

g
∇ρ d ζ) acted against barotropic HPGF during both upwelling (Fig. 6 a,b) and
(−
ρ0 ∫
z

downwelling (Fig. 6 g&h). These results are consistent with the well-established
dynamical explanation that canyon upwelling and downwelling are baroclinic responses
(i.e. tilting of isopycnals) within the canyon to regional barotropic HPGF [e.g. Klinck,
1996; Allen & Hickey, 2010].
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3.2.3. Ageostrophic dynamics within the canyon
Along the canyon, HPGFs were the strongest force terms and led to ageostrophic
dynamics. This is demonstrated by the distributions of the along-axis component of
different force terms at the along-canyon transect on February 29 during the upwelling
event (Fig. 6 a-f) and on March 5 during the downwelling event (Fig. 6 g-l). The
barotropic HPGF was locally enhanced in the upper canyon, in particular at the canyon
head. The maximum baroclinic HPGF is associated with the squeezed and tilting
isopycnals in the upper canyon, it pointed in the opposite direction as the barotropic
HPGF. THe magnitude of baroclinic HPGF was ~6 × 10−5m s −1, greater than any other
term within the canyon. Viscosity and advection were spatially enhanced (in magnitude)
at near-bottom depths in the upper canyon near the canyon head compared to elsewhere.
The Coriolis force term in both events was negligible (~0) at depths below the
pycnoclines within the canyon (because negligible cross-canyon velocity). Overall in the
along-canyon transect HPGFs lead to ageostrophic dynamics.
The ageostrophic canyon dynamics is also indicated by the ratio between the
Advection term |(u ∙ ∇) u| and Coriolis force |f × u|. The physical implication of this
ratio is similar to that of the Rossby number. However, the ratio is directly calculated
based on the force terms in the momentum equation at each model node within the
canyon, therefore it is more spatially precise than a single Rossby number for the entire
canyon. Within most part of the canyon, the ratio |Advection term/Coriolis force| is on the
order of 10-100 (Fig. 9 a,d), indicating ageostrophic dynamics.

82

3.2.4. Geostrophic dynamics outside of the canyon
Away from the topographical impact of Wilmington canyon, and away from the
bottom and surface boundary layers, dynamics over the outer shelf and upper continental
slope could be assumed as geostrophic. In terms of forces, at most locations at the
Northern-1 (Fig. 7) and Northern-2 (Fig. 8) cross-shelf transects, barotropic and
baroclinic HPGFs still pointed in opposite directions, and the advection and viscosity
terms were still small compared to the HPGFs. However, the Coriolis force was able to
balance the HPGFs, and the vector sum HPGFs + CF was negligible, indicating
geostrophic dynamics. The geostrophic dynamics over the shelf, shelf-break, and upper
slope are also indicated by ratio of |Advection term/Coriolis force| at the cross-shelf
transects Northern-1 (Fig. 9 b,e) and Northern 2 (Fig. 9 c,f), where the value was on the
order of 0.01-0.1.

3.2.5. The dynamics associated with the upwelling frontal jet
During upwelling (e.g. on February 29), at the Northern-1 cross-shelf transect,
isopycnals formed a “dome” centered at the head of the canyon (Fig. 7). Such a density
distribution pattern caused shoreward baroclinic HPGF on the shoreward side of the
canyon head, and sewardward baroclinic HPGF on the seward side of the canyon head
(Fig. 7 b). Also within the dome-shaped plume, the baroclinic HPGF was stronger than
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other forces (Fig. 7 a-f). Thus, the dense plume water was driven seaward and shoreward
from the canyon head by the baroclinic HPGF (Fig. 7 f).
Meanwhile, the baroclinic HPGF was shoreward during upwelling (Fig. 7 a),
therefore shoreward of the canyon head, baroclinic and barotropic HPGFs acted in the
same direction; and seaward of the canyon head, they opposed each other. Thus, the total
HPGF was greater in magnitude on the shoreward side of the canyon head than the
seaward side. Geostrophic balance required a greater Coriolis force on the shoreward side
of the canyon head (Fig. 7 c). This implies that the along-shelf flow has to be intensified
on the shoreward flank of the canyon-upwelling plume. Therefore, there was a
northeastward subsurface baroclinic jet. At the Northern-2 cross-shelf transect farther
downstream of the canyon (Fig. 8 a-f), isopycnals were nearly parallel to the bottom, and
the main force terms were in geostrophic balance (Fig. 8 f). However, the distribution of
baroclinic HPGF was still shoreward on the shoreward flank of the dense plume, and
seaward on the seward flank of the dense plume (Fig. 8 b). Consequently, the Coriolis
force was also greater on the shoreward flank of the plume here (Fig. 8 c), thus there was
also the northeastward subsurface baroclinic jet.
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4. Discussion
4.1. Modeling of internal tides
Although the topic of internal tides and waves are not covered in this study, the
model model setup allows internal tides and waves to be simulated. Generally in the Tide
case model outputs, tidal and wave phenomena were apparent at depths below the
pycnocline (e.g. Fig 3). It is worth noting that the upper canyon (between the canyon
head and bend) and the lower canyon (offshore of the canyon bend) displayed nearly
opposite phases of tidal oscillations.
Internal tides and waves can violate the hydrostatic approximation. Since the
hydrostatic module of SCHISM is used in this study, it is unclear whether the model
performed well in simulating non-linear internal tides and waves. The important topic of
modeling internal tides and waves in MAB canyons requires further research.

4.2. Rossby number
Rossby number RO =

U
is often used to decide whether the flow can be assumed
fL

to be geostrophic. It estimates the ratio between the advection term (u ∙ ∇) u and rotation
term f × u in the momentum equation, by scaling them as

U2
and f U, respectively.
L

Where, U is a typical velocity scale, and L is a typical length scale of the motion. For
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geophysical flow, if RO is small (e.g. order of 0.01), then flow can be assumed to be
geostrophic; if RO is big (e.g. order of 1), then flow is ageostrophic.

RO is sensitive to the selection of U and L. For canyon upwelling dynamics, U can
be the mean velocity of the incoming flow that is averaged between the canyon head and
canyon mouth and from depths above to below the canyon rim; or it can be the mean
velocity of the along-canyon flow. Moreover, L can be the radius of curvature at the
southwest corner of the canyon mouth Rmouth, radius of curvature at the axial bend Rbend,
along-axis length of the canyon from mouth to head Lcan, along-axis length from mouth
to the main tributary canyon headLtrib, width of the canyon at the canyon mouth Wmouth,
width of the canyon at midway of the lower canyonWlow, width of the canyon at midway
of the upper canyon Wup, width of the canyon at the canyon head Whead. Table 2.1. shows
some estimates of Rofor Wilmington Canyon during the study period.

Table 2.1. Ro = U/f L, where U is velocity scale in m/s, L is length scale in m.

Rmouth

Rbend

Lcan

Ltrib

Wmouth Wlow

Wup

Whead

=6500

=3500

=22000

=16000

=13000 =9300

=4000

=3000

U= 0.10

0.17

0.31

0.05

0.07

0.08

0.12

0.28

0.37

U= 0.20

0.34

0.63

0.10

0.14

0.17

0.24

0.55

0.73

U= 0.30

0.51

0.94

0.15

0.21

0.25

0.36

0.83

1.10

86

In comparison, the SCHISM model allows us to calculate |(u ∙ ∇) u|/|f × u| at each
model node. The estimated Ro values in Table 2.1. are smaller than the calculations based
on SCHISM model outputs (Fig. 9). The highest Ro was on the order of 1, when using
the lengths scales associated with the upper canyon and the canyon head. Whereas within
most part of the canyon, the ratio |Advection term/Coriolis force| was on the order of
10-100 (Fig. 9 a,d). This indicates that flow in the canyon is more ageostrophic than Ro
would suggest.

4.3. Conventional dynamical insights apply in Wilmington Canyon
This study shows that the essential insights about canyon upwelling and
downwelling dynamics derived from idealized numerical studies (e.g. Klinck 1996) and
non-dimensional analyses (e.g. Allen & Hickey, 2010) also apply in Wilmington Canyon.
Canyon upwelling and downwelling in Wilmington Canyon are indeed mainly baroclinic
responses to barotropic forcing, the associated dynamics are ageostrophic. In comparison,
upwelling and downwelling over the adjacent shelf-break are much weaker than canyon
upwelling and downwelling due to geostrophic dynamics.

5. Conclusions
In this study, based on numerical modeling experiments, we analyzed the dynamics
associated with Wilmington Canyon during Feb 25 – Mar 7, 2016, when a sub-tidal
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upwelling event and downwelling event consecutively occurred. The key findings on the
dynamics of canyon upwelling and downwelling in this study are consistent with
previous idealized modeling studies. Canyon upwelling and downwelling were windforced sub-tidal phenomena and their occurrences were barely impacted by tidal forcing.
Tidal oscillations dominated in deeper parts of the canyon, below the pycnocline and
below the zones where canyon upwelling and downwelling occurred. Sub-tidal canyon
upwelling and downwelling were ageostrophic processes dominated by pressure gradient
forces. Away from the canyon head and boundary layer, baroclinic effects and
geostrophic dynamics also governed the canyon-upwelling frontal jet on the shelf. Since
dynamics were ageostrophic inside the canyon and geostrophic away from the canyon,
upwelling and downwelling were enhanced spatially in Wilmington Canyon.
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Figure 1. Location of transects where model results at and near Wilmington Canyon
are visualized in Figures 3, 4, 6, 7, 8, 9. Color indicates the temperature, vectors
indicates the directions and relative strength of horizontal velocities at the bottom
model layer on the shelf on March 1, 2016 during a canyon upwelling period.
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(a) Wind vectors & cross-shelf ∇SSH at surface

Tide case

(b) Near-bottom velocities, 110 m isobath
Upwelling episode
Downwelling episode

(c) Near-bottom temperature & density, 110 m isobath

No-Tide case
(d) Near-bottom velocities, 110 m isobath, No-Tide

(e) Near-bottom temperature & density, 110 m isobath, No-Tide

Figure 2. Time series of wind vectors and modeled hydrodynamic variables from the model run
with tidal forcing, i.e. Tide case (a-c), and without tidal forcing, i.e. No-Tide case (d-e). The
point location from which model outputs is extracted is at about 10 m above bottom at 110 m
isobath, at the canyon head. SSH gradient is roughly between 60 m and 500 m isobaths at a
cross-shelf transect passing the canyon head. The comparison between the Tide case and NoTide case shows that canyon upwelling and downwelling were wind-forced sub-tidal
phenomena and their occurrences were barely impacted by tidal forcing
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Tide case

Canyon-upwelling zone

Tidal zone

Along-canyon
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No-Tide case
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Figure 3. Distribution of vertical velocity w at the along-canyon transect during a 30-hour period
during the canyon upwelling episode, based on model results from (a-f) the Tide case, and (g-l)
the No-Tide case. There is a canyon-upwelling zone near the canyon head and at depths near the
canyon rim in both cases.
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a

b

c

w (mm/
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Canyon head
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e

f

Figure 4. Tidally-averaged daily mean vertical velocity w on (a-c) February 29 during
upwelling and (d-f) on March 5 during downwelling. Three transects (locations shown in Fig.
1) are compared here: (a, d) along-canyon, (b, e) Northern-1 cross-shelf transect, (c, f)
Northern-2 cross-shelf transect. On February 29 during the upwelling event, upward daily mean
w was +3-5 mm/s near the canyon rim and head (Fig 4 a,b). On March 5 during the
downwelling event, downward daily mean w exceeded -15 mm/s within the downwelling zone
located at 100-300 m isobaths. During the same upwelling and downwelling events, the
magnitude of w at the shelf-break was < 2 mm/s. It is worth noting that near the bottom at the
Northern-2 shelf-break transect, upwelled dense water from the canyon caused shoaling
isopycnals and negative w during the upwelling event (Fig. 4 c). Clearly, the upwelling and
downwelling phenomena were induced by canyon topography.
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Distributions of barotropic HPGF (ms −2)
(a) February 29, upwelling

(b) March 5, downwelling

Figure 5. Distribution of barotropic horizontal pressure gradient force (HPGF) in and around
Wilmington Canyon and Baltimore Canyon on (a) February 29 during upwelling and on (b)
March 5 during downwelling. Barotropic HPGF generally points onshore, and is enhanced in
the rims and heads of the canyons. The yellow contour indicates the 150-m isobath.
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Figure 6. Distribution of the force terms (in the momentum equation) at the along-canyon
transect on (a-f) February 29 during upwelling, and on (g-l) March 5 during downwelling.
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Figure 7. Distribution of the force terms (in the momentum equation) at the Northern-1 transect.
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Figure 8. Distribution of the force terms (in the momentum equation) at the Northern-2 transect.
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Figure 9. Distributions of the ratio between the Advection term |(u·∇) u| and Coriolis force |
f×u|, on (a-c) February 29 during upwelling and (d-f) on March 5 during downwelling. Three
transects (locations shown in Fig. 1) are compared here: (a, d) along-canyon, (b, e) Northern-1
cross-shelf transect, (c, f) Northern-2 cross-shelf transect. The physical implication of this ratio
is similar to that of the Rossby number, |Advection/Coriolis|>1 indicates ageostrophic
dynamics, |Advection/Coriolis|<0.1 indicates geostrophic dynamics. Within the canyon (a, d)
dynamics were mainly ageostrophic; away from the canyon, over the normal shelf-break region,
dynamics were mainly geostrophic.
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(a) Near-bottom velocities, 600 m isobath

(b) Near-bottom temperature & density, 600 m isobath

Figure S1. Time series of modeled hydrodynamic variables from the model run with tidal
forcing. The point location from which model outputs is extracted is at about 10 m above
bottom at the 600 m isobath at the along-canyon transect, which is in the tidal zone in Figure
3.
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Figure S2. Distribution of vertical velocity w at the along-canyon transect during a 30-hour period
during the canyon downwelling episode.

100

Figure S3. Distributions of the ratio between the HPGFs and Coriolis force, on (a-c) February
29 during upwelling and (d-f) on March 5 during downwelling.
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Chapter 4. Integrated Impact of Multi-Canyon Upwelling and Downwelling
Episodes in the Mid-Atlantic Bight

Key Points
●

Twelve cycles of spatially coherent multi-canyon upwelling and downwelling
occurred in the southern Mid-Atlantic Bight based on a numerical model
simulation for January 1 - April 14, 2016.

●

For each cycle of upwelling and downwelling, upwelled water from the canyons
caused shelf-scale anomalies of low temperature, high density, and northeastward
velocity on the MAB outer shelf that were significant when averaged over the
course of the season.

●

Based on a 22 year record (1994 – 2015) of sea surface elevation, ~36 canyon
upwelling events occurred in the MAB per year; the frequency of canyon
upwelling varied seasonally, reaching maxima in January (42% of the time) and
July (37% of the time), and minima in May (22% of the time) and September
(17.5% of the time).

● Hydrodynamic models need to resolve the bathymetry of canyons in order to
quantify shelf-slope exchanges in the MAB.
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Abstract:
The integrated impact of submarine canyons on the hydrography and circulation of
broad continental shelves has rarely been studied around the globe, and it is an
outstanding knowledge gap in the Mid-Atlantic Bight (MAB) offshore of the U.S. East
Coast. In this numerical modeling study of the MAB during January 1 - April 14, 2016, a
3D unstructured-grid model (SCHISM) was used to investigate the occurrence and
integrated impact of cycles of upwelling and downwelling through 9 canyons between
Virginia and New York in the southern MAB (Norfolk, Washington, Accomac, Baltimore,
Wilmington, Spencer, Lindenkhol, Toms, and Hudson). Correlated with temporal
variations in the cross-shelf gradients of sea surface height ( ∇SSH), ~12 cycles of
spatially coherent (R>0.83) canyon upwelling and downwelling occurred in all 9
canyons, with upwelling accounting for ~70% and downwelling ~30% of the days in the
105-day study period. During the upwelling episodes (typically 2-10 days of duration),
upwelled slope water from each canyon formed plumes of anomalously cold and dense
water, which expanded on the bottom of the outer shelf; upwelled water from adjacent
canyons eventually merged into one continuous pool along the outer shelf. During the
downwelling episodes (typically 2-5 days of duration) between the upwelling episodes,
the canyon-upwelled water on the outer shelf shrank and separated into individual pools.
For most of the study period (January 11 - April 14), pools of canyon-upwelled water
persisted on the bottom of the outer shelf near the canyon heads. These pools were 10-20
m thick, and were 2-3 ℃ colder and 0.4-0.5 kg m −3 denser than the surrounding water.
To further test canyon impact, a modified modeling experiment was designed where the
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northern 4 canyons were preserved but the southern 5 canyons were removed from the
model grid and replaced by smoothed shelf/slope bathymetry. In this modified
experiment, canyon-upwelled cold pools still developed on the unmodified northern shelf
but not on the smoothed-out southern shelf. Comparing the control vs. modified
experiments, the existence of submarine canyons clearly resulted in lower temperature,
higher density, and stronger northeastward velocity (by 0.5-2 ℃, 0.1-0.2 kg m −3, up to
0.15 m/s, respectively) on the outer shelf. Next, a 22-year (1994 - 2015) record of ∇SSH
based daily outputs from a data-assimilative global hydrodynamic model (GOFS 3.1: 41layer HYCOM + NCODA) was used to infer that on averaged about 40 canyon upwelling
events occurred in the MAB per year. The frequency of canyon upwelling varied
seasonally, reaching minima in May (22% of the time) and September (17.5% of the
time), and maxima in January (42% of the time) and July (37% of the time). This study
shows that submarine canyons are the main conduits for the upwelling of deep-sourced
cold slope water to the MAB outer shelf. The plumes of canyon-upwelled water are
essential features of MAB outer shelf and shelf-break. Hydrodynamic models need to
resolve the bathymetry of canyons in order to capture shelf-break conditions and quantify
shelf-slope exchanges.
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1. Introduction
The Mid-Atlantic Bight (MAB) extends 1,000 km alongshore from Cape Hatteras,
North Carolina, to Cape Cod, Massachusetts offshore of the U.S. East Coast (Fig. 1.). The
MAB continental shelf and shelf-break not only supports abundant and diverse marine
life but also impacts many aspects of human society. Fisheries, transportation, offshore
wind energy, weather forecast, climate prediction, etc., all demand comprehensive
physical oceanographic knowledge of the MAB (https://maracoos.org/about.shtml).
Indeed, many previous studies as well as ongoing observational campaigns and
operational modeling systems have provided abundant knowledge about the ocean
conditions and physical processes on the inner- and mid-shelf, and on the outer shelf and
shelf-break away from major submarine canyons. However, even though the MAB has
>10 major shelf-incising and >60 slope-confined submarine canyons (Andrews et al.
2016), and even though elsewhere submarine canyons are known to impact regional
hydrography and circulation (Kämpf 2010; Connolly & Hickey 2014), the shelf-scale
impact of MAB submarine canyons has not been previously studied and remains an
outstanding gap in MAB physical oceanography.
In this modeling study of the MAB during January 1 - April 14, 2016, 5 shelf-break
canyons and 4 slope canyons between Virginia and New York in the southern MAB are
investigated to fill this knowledge gap. Along the ~400 km long southwest-northeast
oriented shelf-break between Virginia and New York, there are 5 major shelf-break
canyons that incise across the continental slope and onto the outer shelf (Fig. 1): Norfolk,
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Washington, Baltimore, Wilmington, and Hudson canyons. Hudson Canyon is connected
to Hudson Shelf Valley, together they cut across the entire continental rise, slope, and
shelf. The other 4 shelf-break canyons are shorter, extending onshore from the continental
rise to less than 20 km from the shelf-break (150 m isobath). Between these 5 shelf-break
canyons, there are also many slope canyons that do not incise the shelf. The sizable ones
include Accomac, Spencer, Lindenkhol, and Toms canyons. In this study, we focus on the
impact of multi-canyon upwelling and downwelling (see Allen & De Madron, 2009 or
Chapter 2 Introduction on these processes) on the MAB mid- and outer shelf.
Although globally most continental margins are incised by multiple submarine
canyons (Allen & de Madron, 2009; Harris et al, 2014), the aggregate impact of
submarine canyons on regional oceanography has rarely been studied. Observational
canyon studies are challenging to conduct (e.g. Allen & De Madron, 2009); and thus not
many canyons have been observed, let alone all canyons within a region. Processoriented idealized canyon studies are relatively numerous, and they have provided
important insights on the dynamics of canyon upwelling and downwelling (Klinck, 1996;
She & Klinck, 2000; Allen & Hickey, 2010; Howatt & Allen 2013; Spurgin & Allen,
2014; Zhang & Lentz, 2017; Kämpf, 2018; Ramos-Musalem & Allen, 2019). However
these studies usually use a single canyon with idealized geometry (smooth, straight,
perpendicular to the shelf-break) and forcing conditions (e.g. constant winds, linear
stratification etc.). Numerical modeling studies that both resolve the bathymetry of
multiple canyons (based on charted bathymetry data) in a region and are realistically
forced (e.g. with atmospheric and oceanic conditions from observations or reanalysis
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models) are rare. Kämpf (2010) on the Great Austrian Bight and Connolly & Hickey
(2014) on the West Coast of North America have resolved the bathymetry of the multiple
regional canyons. Both studies found impacts of multi-canyon upwelling on the seasonal
time scale and regional spatial scale. Both found that submarine canyons are major
suppliers of cold, dense, and nutrient-rich slope water onto the shelf, and concluded that
models that do not resolve canyon bathymetry would greatly (3.5 times in Kämpf, 2010)
underestimate onshore volume flux of regional upwelling. In the MAB, which has a
100-150 km wide shelf (2-3 times of the other two shelves mentioned above),
topographically induced upwelling and downwelling through the multiple submarine
canyons are also hypothesized to have significant impact on shelf-slope exchange and
shelf oceanography. However, this matter has not been previously studied.
In this study, to investigate the shelf-scale impact of multi-canyon upwelling and
downwelling in the southern MAB, a 3D unstructured-grid model (SCHISM, Zhang et
al., 2016) is used with 0.35-1 km horizontal resolution and 31-55 vertical layers (bottomintensified) that resolves the canyons and adjacent shelf and slope. In Chapter 2, we have
shown that during one upwelling and downwelling cycle that took ~12 days, upwelled
water from Wilmington Canyon drastically altered the subsurface hydrography and
circulation on the adjacent outer shelf. In this chapter, we first extend the numerical
investigation to 12 upwelling and downwelling cycles in 105 days, and investigate the
aggregate impact of 9 canyons on the southern MAB mid- and outer shelf. Next, to
further test canyon impact, a No-Canyon modeling experiment was designed where the
northern 4 canyons were preserved but the southern 5 canyons was replaced by smoothed
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shelf/slope bathymetry. Thirdly, a 22-year (January 1, 1994 - December 31, 2015) record
of cross-shelf sea surface height gradients ( ∇SSH) based daily outputs from a dataassimilative global hydrodynamic model (GOFS 3.1) is used to infer the frequency
(percentage of days in each month) for canyon upwelling and downwelling in the
southern MAB.
The rest of the chapter is organized as follows. The methods are described in
section 2. The model results are shown in section 3, discussed in section 4, and
summarized in section 5.

2. Methods
2.1. Model experiment setup
The SCHISM model setup for this Chapter is similar to that in Chapter 2, but has a
longer simulation period, and lower frequency for output extraction. First, the SCHISM
model simulations here were for November 15, 2015-December 31, 2016. However, the
original plan to analyze SCHISM model outputs of the entire year of 2016 was
abandoned, due to interruption in HYCOM outputs, which are used as initial and
boundary conditions for SCHISM. This problem occurred on April 18, 2016, when
HYCOM experiment sequence 56.3 ended, and 57.2 began. In this study, only SCHISM
model outputs from January 1 - April 14, 2016 are used. Secondly, the Analytical Module
(which was used to calculate force terms in the momentum equation in Chapter 3) in
SCHISM was deactivated for this Chapter to lower computational cost. The model
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outputs were saved every 4 hours or 6 times daily (which results in ~3.5 GB of data for a
model day) to limit data storage. Lastly, to lower the size of data arrays in MATLAB
(analysis was done on a MAC computer with 32 GB memory; HPC does not allow
flexible and efficient figure making), only the SCHISM outputs within the study area (see
Fig. 1 b) are visualized.
Moreover, two numerical experiments are performed for this Chapter. In the control
experiment (Canyon case), the same model grids from the previous chapters are used, and
the bathymetry of all 9 canyons within the study area are resolved. In the modified
experiment (No-Canyon case), the 5 southern canyons, i.e. the Norfolk, Washington,
Accomac, Baltimore, and Wilmington canyons, are removed and replaced with smoothed
shelf/slope bathymetry (interpolated based on bathymetry around each canyon. Both sets
of simulations are subjected to the same realistic forcing conditions.

2.2. Climatological analysis of cross-shelf SSH gradients
To estimate the occurrences and frequency of canyon upwelling and downwelling
over longer time periods, in section 3.3., daily cross-shelf ∇SSH (between 50 and 150 m
isobaths just south of Washington Canyon) is calculated from HYCOM surface elevation
output during January 1, 1994 - December 31, 2015, based on GOFS 3.1: 41-layer
HYCOM + NCODA Global 1/12° Reanalysis, experiment sequence 53.X (https://
www.hycom.org/data/glbv0pt08/expt-53ptx).
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3. Results
3.1. Cycles of multi-canyon upwelling and downwelling
3.1.1. Near-bottom vertical velocity and temperature at the canyon heads
Throughout January 1 - April 14, 2016 (105 days), the 5 shelf-break canyons and 4
slope canyons in the southern MAB all experienced, nearly in phase, at least 12 sub-tidal
cycles of upwelling and downwelling. These alternating upwelling and downwelling
events were shown by the time series of daily-averaged near-bottom (averaged over the
vertical model layers within ~25 m above bottom) vertical velocity w (Fig. 2 a,c) and
temperature T (Fig. 2 b,d) at the canyon heads. Upwelling episodes are characterized by
w>0 and decreasing T, and downwelling episodes w<0 and increasing T. A typical cycle
of canyon upwelling and downwelling lasts for 5-15 days, consisting of 2-10 days
upwelling, and then a 2-5 days downwelling. Overall, ~70% of the study period were
upwelling days, ~30% downwelling.
The correlations of canyon upwelling and downwelling among different canyons
are high, and generally decreases with increasing distance of separation. The correlation
coefficients (R) between the several w time series at different canyon heads range from
0.83 between Norfolk Canyon and Hudson Canyon (~350 km apart) to 0.96 between
Baltimore Canyon and Wilmington Canyon (~35 km apart). R between any two T time
series is >0.99. The high correlations show that the occurrences of the alternating
upwelling and downwelling events were coherent among the different canyons.
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3.1.2. Canyon-upwelled slope water on the outer shelf
As upwelling and downwelling cycles in the canyons, plumes of upwelled slope
water from the canyons alternatingly expanded (during upwelling episodes) and shrank
(during downwelling episodes) on the bottom of the MAB outer shelf (Fig. 3). During all
upwelling episodes, cold slope water was upwelled from the canyon heads onto the shelf
and intruded northeastward as bottom-residing plumes (see Chapter 2 for detailed
analysis of a canyon-upwelled plume at Wilmington Canyon). In any downwelling
episode after January 11, the cold canyon-upwelled water did not have enough time to
retreat completely from the shelf. Due to the fact that the flushing time scale for the
plumes are longer than the period of a typical upwelling and downwelling cycle, through
the multiple cycles of alternating upwelling and downwelling throughout January 11 April 14, the anomalously cold canyon-upwelled water was consistently present on the
outer shelf near the canyons.
It is noteworthy that during most upwelling episodes (e.g. Jan 15, 20; Feb 24, 29;
Mar 12, 24; April 2, 13 in Fig. 3), upwelled water from pairs of adjacent canyons (such as
Norfolk and Washington, Baltimore and Wilmington, Toms and Hudson) and eventually
from all canyons merged into one continuous pool, occupying the entire outer shelf
(between 50-150 m isobaths in the south, and between 75-150 m isobaths in the north).
Based on approximate estimates of the length (~20-60 km each, ~150 km-450 km in
combination), width (~10-40 km), and thickness (~10-30 m) of the plumes, at the peak of
any given upwelling event, the total volume of canyon-upwelled slope-water on the
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bottom of the shelf was on the orders of 1010 − 1011m 3. In comparison, the entire
Chesapeake Bay, the largest estuary in the MAB and in the U.S., third largest in the
world, holds a total of ~0.7 × 1010 m 3of water (https://www.chesapeakebay.net/discover/
facts). Thus, the volume of the canyon-upwelled water on the MAB shelf is not
insignificant.

3.1.3. Conditions of winds and SSH associated with upwelling and downwelling
Temporally, the alternating occurrences of canyon upwelling and downwelling
directly responded to alternating conditions of upwelling- and downwelling-favorable
winds and sea level tilt (Fig. 4, Fig 5). As discussed in Wang et al. (in prep., Chapter 3),
canyon upwelling and downwelling events are driven by event-scale variabilities in
cross-shelf ∇SSH, which is affected by both wind forcing and offshore oceanic processes
in the deep ocean. The direct causal relationship between canyon upwelling and
downwelling and regional dynamical drivers lead to high correlations in the resulting
ocean state across the region. For example, over the Washington Canyon (other canyons
show similar results), canyon upwelling (w>0) was correlated with winds from the
northwest, west, or southwest (Fig. 4 a), and positive (seaward) cross-shelf ∇SSH (Fig.
4b); and canyon downwelling (w<0) was correlated with winds from the north or
northeast, and negative (landward) cross-shelf ∇SSH. Between winds and near-bottom
velocity w at the canyon head, the correlation coefficient R=0.59, with w lagging winds
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by 1 day. Between ΔSSHand w, the correlation coefficient R=0.78, with no lag in the
daily time series.
It is worth mentioning that the variations in sea surface tilt usually lagged changes
in winds by about 1 day (Figs. 4, 5). Occasionally even in days when winds were
downwelling-favorable, cross-shelf ∇SSH still stayed positive (e.g. April 13 in Fig. 5).
On such occasions, canyon upwelling still occurred (Fig. 2), supplying cold slope water
to the shelf (e.g. April 13 in Figs. 3).
Spatially, the coherent occurrences of canyon upwelling and downwelling among
the multiple MAB canyons were due to the fact that the directions of winds and ∇SSH
were coherent over the entire MAB from Norfolk Canyon to Hudson Canyon (Fig. 5).
Specifically, across the southern MAB from New York to Virginia, ∇SSH were always
landward during downwelling events, and were always seaward during upwelling events.
Thus, event-scale fluctuations of MAB-wide cross-shelf ∇SSH caused persistent cycles
of alternating canyon upwelling and downwelling that were coherent among the multiple
MAB canyons (Figs. 3&5; Figs. 2&4).
The above results show that the cycles of sub-tidal canyon upwelling and
downwelling were well correlated with alternating conditions of positive and negative
cross-shelf ∇SSH, implying the latter can be used to infer the occurrences of the former.
Leveraging this relationship, in section 3.3, we conduct a climatological analysis of the
frequency of canyon upwelling and downwelling in the MAB.
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3.2. Canyon impact on averaged shelf hydrography and circulation
In this section we present results from both the Canyon and No-Canyon model
cases; results are averaged over all upwelling days (mean w at all 9 canyons >0),
downwelling days (multi-canyon mean w<0), and over the course of the entire season
(i.e. study period). Caution should be taken when comparing results from the two cases,
because in numerical simulations as well as in the real ocean, given time, a localized
modification can have complex dynamical consequences over a large domain.
Specifically in this study, eliminating the 5 southern shelf-break canyons changes the
circulation and hydrography of not only the MAB continental shelf, but also the entire
model domain of the U.S. East Coast. For example, the position and shape of the Gulf
Stream can be different in the Canyon and No-Canyon cases (see Appendix Fig. A1).
Nonetheless, comparison between the realistic Canyon case and the hypothetical NoCanyon case provides some insights on submarine canyons’ impact on MAB shelf
hydrography and circulation.

3.2.1. Temperature and density fields
Upwelled water from the MAB canyons caused anomalies of cold temperature and
high density (2-3 ℃ colder, 0.4-0.5 kg m −3 denser than surrounding) in the seasonally
averaged fields on the bottom of the outer shelf. Across the bottom of the MAB mid- and
outer shelf, there were persistent patches of cold water corresponding to each canyon, no
matter averaged over all days with upwelling conditions, or with downwelling conditions,
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or the entire season (Fig. 6 a-c). In the temporally averaged fields, the cold water was
about 10 m thick, 2-3 ℃ colder (Fig. 7 a-c) and 0.4-0.5 kg m −3 denser than the
surrounding water (Fig. 8 a-c). The cold and dense anomalies in the conditionally and
seasonally averaged fields were because of the nonstop alternating canyon upwelling and
downwelling events, more precisely because canyon-upwelled water was always present
on the shelf (see section 3.1.2).
In the No-Canyon simulation, where the northern 4 canyons were preserved but the
southern 5 canyons was replaced by smoothed shelf/slope bathymetry, canyon-upwelled
cold pools still developed on the unmodified northern shelf but not (or reduced) on the
smoothed-out southern shelf (Fig. 6 b-d, Fig. 7 b-d, Fig. 8 b-d), further proving canyon
effects. Comparing the two cases, the bottom water on the outer shelf in the Canyon case
was 0.5-2 ℃ colder (Fig. 6 e-g, Fig. 7 e-g,) and 0.1-0.2 kg m −3 denser (Fig. 7 e-g) than
the No-Canyon case. These comparisons are evidence that submarine canyons upwell
cold and dense slope water onto the outer shelf and cause cold and dense anomalies.

3.2.2. Horizontal velocity fields
The upwelled water from the submarine canyons impacts the shelf circulation (Figs.
9, 10). First, during upwelling, flows are northeastward over the entire shelf, and they are
intensified over the outer shelf (Fig. 9 a) where the canyon-upwelled water induces nearbottom northeastward frontal jets (Fig. 10 a). The near-bottom jets would not exist if the
canyons did not exist (Fig. 10 b). Thus, compared to the No-Canyon case, the existence
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of submarine canyons induces up 0.05-0.15 m/s northeastward velocity anomalies (Fig.
10 g) in the horizontal velocity fields on the outer shelf shoreward and northeastward of
each canyon (Fig. 9g). Next, during downwelling, flows over the shelf are southwestward
(Fig. 9 b), and the fastest flows are surface-intensified (10 b) and located over the midshelf (Figs. 9 b, 10 b). The spatial distribution of horizontal velocities in both the Canyon
and No-Canyon cases show similar patterns (Figs. 9 b, e; Fig. 10 b, e) indicating
relatively small canyon impact. Compared to the No-Canyon case, the existence of
submarine canyons reduces the southwestward velocity on the outer shelf (Fig. 9 h; Fig.
10 h) by about 0.03-0.05 m/s, which means that during downwelling, canyons also cause
northeastward velocity anomalies. Finally, when averaged over the entire season (January
1 - April 14, 2016), canyons induce northeastward shelf flows (Figs. 9 c, 10 c) that are
stronger than the No-Canyon case (Figs. 9e, 10e), and thus also cause northeastward
velocity anomalies (Fig. 9i, 10i). In summary, submarine canyons induce near-bottom
frontal jets and enhance northeastward flows on the outer shelf during upwelling; weaken
southwestward flow during downwelling; and cause northeastward anomalies on the shelf
throughout the entire season.

3.3. Frequency of canyon upwelling and downwelling, 1994-2015
Canyon upwelling, downwelling, and the alternation between them are all likely to
be frequent in the MAB. In section 3.1.3., we have shown that canyon upwelling and
downwelling are highly (R = 0.78) correlated with cross-shelf ∇SSH. Here, the daily

116

cross-shelf ∇SSH between 50 and 150 m isobaths just south of Washington Canyon
(other canyons show similar trends) is calculated from HYCOM surface elevation output
throughout January 1, 1994 - December 31, 2015 (Fig. 11 a). This 22-year time series
shows that canyon upwelling and downwelling events and the alternation between them
would have been frequent in the MAB. Based on the counts of positive local maxima of
cross-shelf ∇SSH, ~36 canyon upwelling events occurred in the MAB per year. The
frequency of canyon upwelling in the MAB would be underestimated if using monthly or
seasonally instead of daily SSH conditions. For example, the 30-day running mean crossshelf ∇SSH are mostly negative (i.e., landward), thus would not have counted the
majority of the upwelling events (Fig. 11 a).
Climatologically, the frequency of canyon upwelling or downwelling varied from
month to month, displaying seasonal cycles (Fig. 11 b). This is inferred based on the
percentage of days with positive cross-shelf ∇SSH in each month. The frequency of
canyon upwelling went through seasonal cycles, reaching maxima in January (~43% of
the time) in July (~37% of the time), and reaching minima in May (~22% of the time)
and September (17.5% of the time). The frequency of canyon downwelling showed an
opposite trend, reaching maxima in May and September, reaching minima in July and
January.

117

4. Discussion
4.1. Multi-canyon upwelling and downwelling in the MAB
4.1.1. Coherence of upwelling and downwelling at different canyons
The high spatial coherence of canyon upwelling and downwelling among the 9
MAB canyons between Virginia and New York were due to two factors: first, the
orientation of the shelf-break varies less than 15∘ within the study area; secondly, the
atmospheric and oceanic conditions are usually relatively uniform over this 400 km long
100-150 km wide coastal ocean. In particular, during the January 1 - April 14, 2016, the
spatial distributions of winds (which were associated with weather fronts) and SSH were
mostly coherent over the entire MAB from Norfolk Canyon to Hudson Canyon (Fig. 5).
The spatial coherence of canyon upwelling and downwelling among MAB canyons
are affected by two other factors. First, at times the distributions of winds and SSH are
not uniform across the whole region, consequently, the correlation coefficients of canyon
upwelling and downwelling among different canyons generally decreases with increasing
distance of separation (section 3.1.1). Next, for a small slope canyon under the dynamical
impact of a larger shelf-break canyon, the coherence can be low. For example, located
only ~30 km northeast of Wilmington Canyon (Fig. 1), Spencer Canyon is constantly
under the influence of the upwelled-water from Wilmington Canyon (Fig. 3), which can
flow down-slope into Spencer Canyon even as offshore water is upwelled from
Wilmington Canyon. Consequently, Spencer Canyon experienced weaker upwelling; and
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at times, it experienced downwelling even during upwelling events in other canyons (Fig.
2).
Finally on this topic, beyond the scope of this modeling study, the mesoscale
patterns of SSH can be temporally and spatially altered by other atmospheric and oceanic
processes, including Hurricanes and offshore eddies and rings. Through altering SSH
distributions over the shelf-break and canyons, these processes can also impact the
coherence of canyon upwelling and downwelling among the multiple canyons in the
MAB.

4.1.2. Persistence of canyon-upwelled water on the outer shelf
The fact that the canyon-upwelled cold slope water persisted on the shelf for
months during the study period was somewhat surprising as this has not been a
previously observed hydrographic feature at the outer shelf. Although intrusions of the
warm (>14 C) upper slope water at the outer shelf is a common feature in the MAB, the
presence of colder and denser intermediate slope water on the shelf has been rarely
observed. This discrepancy between modeling results and existing observations may be
attributed to the fact that most hydrographic observations on the shelf avoid the bottom
boundary layer and that high resolution observations right downstream of canyons during
upwelling events are still rare. As a result, the presence of dense water plume on the shelf
resulting from canyon upwelling events may have consistently escaped previous
observational efforts. Nevertheless, in this study, the transport and mixing of canyon-
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upwelled water on the bottom of the shelf impacted the shelf hydrography and circulation
over the whole season (section 3.1.2). Moreover, the comparison between the Canyon vs.
No-Canyon cases shows that if there were no canyons, the volume of cold upwelled slope
water on the shelf would be reduced or absent (section 3.2). Based on these results, the
existence of submarine canyons and the associated canyon-upwelled water are essential
elements of MAB regional oceanography.

4.1.3. Canyon-induced upwelling at the MAB shelf-break
As far as near-bottom cross-shelf-slope upwelling is concerned, it has long been
known that canyon upwelling is stronger than shelf-break upwelling (Klinck 1996; Allen
& De Madron 2009). Compared to upwelling across the normal shelf-break region,
canyon upwelling upwells slope water from deeper (by ~100 m, e.g. Kämpf, 2010)
depths to the shelf, and in quantities orders of magnitude larger (even one single canyon
that makes up 5% of the shelf-break can upwells 25-89% more tracer masses than the
95% rest of the shelf-break, (orders of magnitude, Ramos-Musalem & Allen, 2019). This
study, as well as Chapter 2 & 3, has shown similar results. Indeed, during all the
upwelling events in this study, canyon-upwelled water expanded over the bottom 10-20
m of the southern MAB outer shelf.
Near-bottom upwelling at the MAB shelf-break can be conceived as a threedimensional process dominated by submarine canyons. In this process, slope water from
within the canyon is upwelled onto the bottom of the outer shelf, and then expanded
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across and along the outer shelf. In comparison, two-dimensional cross-shelf-break
upwelling processes, whether wind-driven or flow-driven bottom Ekman transport, would
play a minor role. Across the shelf-break, downstream of the canyon, the seaward portion
of the canyon-upwelled dense water plume can flow down-slope to the continental slope
(Wang et al. in prep, Chapter 2), eventually joining the intermediate slope water residing
below the shelf-break depths with similar densities. At this cross-shelf-break transect,
isopycnals and isothermals may appear to shoal and falsely indicate that the upwelled
water is from the normal shelf-break and continental slope. Whereas actually it is
upwelled water that flows from the canyon to the downstream shelf-break. Therefore,
canyon upwelling is likely to be the dominant supplier of deep-sourced cold and dense
slope water to the MAB outer shelf. Since the deep-sourced slope water is also nutrient
rich (e.g. He et al., 2011), frequent upwelling through the multiple submarine canyons
might be a major physical driver for high biological productivity at the MAB shelf-break.

4.1.4. Frequency of canyon upwelling in the MAB
In this study, canyon upwelling and downwelling in the 9 MAB canyons were most
closely correlated with positive/negative cross-shelf ∇SSH. This is consistent with
previous studies in the MAB. In observational studies on near-bed circulation in Hudson
Shelf Valley in wintertime 1999-2000, Harris et al. (2003) and Lentz et al. (2014) found
that up-valley currents were most closely correlated with sea level set-down at the coast.
This means that upwelling in the Hudson Shelf Valley is correlated with positive
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(seaward) cross-shelf ∇SSH, which has been confirmed by the idealized modeling study
of Zhang & Lentz (2017). Based on ours and previous studies, cross-shelf ∇SSH is a
reliable predictor for the occurrence of canyon upwelling and downwelling.
Climatologically, it is well-known that the MAB shelf, shelf-break, and upper slope
are characterized by equatorward (southwestward) depth-averaged seasonal mean flows
(Beardsley 1976; Lentz 2008; Flagg et al. 2006; Levin et al. 2018) and landward ∇SSH
(Lentz 2008; Zhang 2013; Levin et al. 2018). Based on the dynamical understanding of
advection-driven canyon upwelling and downwelling (e.g. Klinck 1996), such mean
conditions are favorable for canyon downwelling, not for canyon upwelling.
However, such inferences based on the seasonal mean currents and SSH conditions
or even monthly mean conditions (see section 3.3) would have failed to account for the
majority of the canyon upwelling events in the MAB. Canyon upwelling and
downwelling were persistent and frequent in our hindcasting simulation of January 1 April 14, 2016 (105 days). In response to variations in winds and more directly to crossshelf ∇SSH, all canyons located between Virginia and New York of the MAB
experienced >12 cycles of coherent canyon upwelling and downwelling. Moreover, the
22-year record of cross-shelf ∇SSH indicates that >35 canyon upwelling events would
have occurred each year between 1994-2015 (section 3.3). Thus, canyon upwelling may
occur frequently in the MAB.
Canyon upwelling is likely to occur in the MAB for a significant percentage of the
time every year, and may exceed the percentage of downwelling in a certain month.
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Based on our SCHISM model run (1/200°-1/100° horizontal resolution) during January 1
- April 14, 2016, canyon upwelling occurred in ~70% of the days. This upwelling
percentage is about twice the long-term (January 1, 1994 - April 14, 2016) monthly
percentage based on HYCOM (1/12° resolution) surface elevation output (~43.5% in
January, ~35% in February, 30% in March, 29.5% in April). Similarly, Harris et al (2003)
analyzed sea level set-down vs. se-tup at the New Jersey coast, and found that although
there were more sea level set-down than se-tup in December 1999-January 2000, on
average there was more setup than set-down over the period 1986-2001. Notice that sea
level set-down/set-up at the coast would correspond to positive vs. negative cross-shelf

∇SSH in the MAB. Based on their study and ours, it is reasonable to infer that the
percentage of the time when canyon upwelling occurs in the MAB is significant.

4.2. Comparison with previous modeling studies of multi-canyon upwelling
Our findings about the aggregate impact of submarine canyons on MAB shelf
hydrography and circulation are consistent with two previous modeling studies of two
other regional systems of canyons. As in our study, both studies also performed a control
experiment with bathymetry of canyons resolved and a No-Canyon experiment. In
simulations of the Murray Canyon Group (including Du Couedic, Murray, and Sprigg
canyons) in the Great Australian Bight with forcing conditions of constant upwellingfavorable winds, Kämpf (2010) showed that upwelled water from ~310 m (110-160 m
below the shelf break depths) within the shelf-break canyons merged and formed the
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“Kangaroo Island Pool”, a pool of anomalously cold and dense water on the bottom of
the continental shelf that was identified in observational hydrographic data. In the NoCanyon experiment in Kämpf (2010), the dense water pool did not exist, and upwelling
volume flux to the shelf was reduced by a factor of 3.5 compared to the control
experiment with canyons. In our studies, the deep source of upwelled water from within
the canyons (~100 m below the shelf-break, see Chapter 2), the formation of anomalously
cold and dense pools of canyon-upwelled water on the shelf, as well as the comparison
between the Canyon vs. No-Canyon cases are consistent with Kämpf (2010).
In the other modeling study, which was on Barley, Juan de Fuca, and Quinault
canyons located on the West Coast of North America, Connolly & Hickey (2014)
investigated the regional impact of the submarine canyons under the northern California
Current System during the upwelling season of May - October 2005. They found that
upwelled water from the canyons is from much deeper depths (260 m vs. 150 m) than
that from the normal shelf-break regions and than that from the No-Canyon experiment;
and the canyon-upwelled water is also more likely to be found at the bottom of the shelf.
They also found that the impact of the three West Coast canyons expanded over the entire
region and spanned over the entire upwelling season. In our studies, the upwelled water
from the MAB canyons also had a region-wide and season-long impact on the MAB
shelf.
It is worth noting that the MAB canyons differ from the other two regional systems
of canyons in two important ways. First, the other two systems of canyons are under
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regional ocean currents that are favorable for canyon upwelling: the Finders Current in
the Great Australian Bight, the northern California Current System on the West Coast of
North America. In contrast, the seasonal mean currents over the MAB shelf and slope are
favorable for canyon downwelling. However, despite this predisposition for downwelling
conditions, our study finds that through intermittent canyon upwelling events, upwelled
water from the canyon still can form on the shelf and even persist for months. Secondly,
the MAB shelf between Virginia and New York is 100-150 km wide, broader than the
shelf south of Kangaroo Island in Australia (50-60 km wide), and broader than the shelf
of Washington State and British Columbia (30-60 km). This difference means that the
pools of anomalously cold canyon-upwelled water can reach the coast on the other two
shelves, but in the MAB, they are mostly limited on the outer shelf between 50-150 m
isobaths, or 50-100 km off the coast. Perhaps due to the shorter distances from the
canyons to the coast, the pool of anomalously cold canyon-upwelled water has been
observationally confirmed in the other two regions, however, in the MAB, observational
evidence is currently lacking.
Finally, this study, Kämpf (2010), and Connolly & Hickey (2014) all indicate that
regional hydrodynamical models need to resolve the bathymetry of all canyons along the
shelf-break in order to better study ocean conditions and shelf-slope exchanges.
Otherwise, features such as the pools of anomalously cold canyon-upwelled water and
associated near-bottom frontal jets would be missed, volume flux of upwelled slope water
would be underestimated, the impact of these features and processes would be improperly
assessed.
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5. Conclusions
In this modeling study, we conducted a season-long, shelf-scale investigation of the
impact of submarine canyon upwelling and downwelling on the southern MAB shelf
oceanography. To our knowledge, this is the first hydrodynamical model of the MAB that
resolves the multiple submarine canyons located along its shelf-break using relatively
realistic bathymetry and forcing. The study provides new insights on how submarine
canyons affect shelf-scale oceanographic conditions in the MAB. In total, the modeling
experiments simulated 12 cycles of spatially coherent multi-canyon upwelling and
downwelling that occurred in the southern Mid-Atlantic Bight during January 1 - April
14, 2016. For each cycle of upwelling and downwelling, upwelled water from the MAB
canyons caused shelf-scale anomalies of low temperature, high density, and
northeastward velocity on the southern MAB outer shelf that were significant when
averaged over the course of the season. These anomalies were weaker in a model run
with the canyons removed. Based on a cross-shelf ∇SSHduring 1994-2015, ~36 canyon
upwelling events occurred in the MAB each year; the frequency of canyon upwelling
varies seasonally, reaching maxima in January (42% of the time) and July (37% of the
time), and minima in May (22% of the time) and September (17.5% of the time). This
study indicates that submarine canyons impact the MAB mid- and outer shelf
hydrography and circulation. The canyons are the main conduits for the upwelling of
deep-sourced cold and dense slope water to the MAB shelf. The bathymetry of the
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canyons needs to be resolved in hydrodynamic models in order to capture the shelf-break
ocean conditions and quantify shelf-slope exchanges in the MAB.
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(a) Submarine canyons between Virginia and
New York in the southern MAB

Cape Cod

Hudson Canyon
Toms Canyon
Lindenkhol Canyon
Spencer Canyon
Wilmington Canyon
Baltimore Canyon
Accomac Canyon
Wilmington Canyon
Norfolk Canyon

Cape Hatteras

depth (m)

(c) Model vertical layer setup

Study area

Along-canyon-axis
Wilmington Canyon
distance (km)

Cross-canyon
(b) Model domain and resolution
Figure 1. (a) Locations of submarine canyons between New York and Virginia in the Mid-Atlantic Bight.
(b) SCHISM model domain and resolution in equivalent diameter. Magenta contour indicates the shelfbreak at 150 m isobath; black contours indicate 50, 75, 1000, 2000, 3000, 4000, 5000 m isobaths. The
model uses >48,000 unstructured triangular grids with 350-1000 m resolution over the submarine
canyons and adjacent shelf and slope. The white dash polygon indicates the area where model outputs are
used for analysis in this study. (c) Vertical layer setup (e.g. along and across Wilmington Canyon). There
are 26-55 vertical layers over the shelf/slope region depending on water depth. Vertical layers are surfaceand bottom-intensified. In general, for water depths < 1000 m, relatively high vertical resolution (1-5 m)
is set up for the bottom 25 m of the water column. The model setup enables simulation of canyon
processes and near-bottom canyon-upwelled water on the shelf.
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correlation coeﬃcients R = [0.83,

correlation coeﬃcients R > 0.99

Figure 2. Time series of near-bottom vertical velocity w (a, c) and temperature T (b, d).
Mean w and T at the vertical model layers within 0-25 above bottom are used. Over 12
spatially coherent cycles of canyon upwelling (w>0)/downwelling (w<0) occurred in
the 5 shelf-break canyons (a, b) and 4 slope canyons (c, d). The correlations of canyon
upwelling/downwelling among different canyons are high, and generally decreases with
distance of separation. The correlation coefficients (R) between the several w time
series at different canyon heads range from 0.83 between Norfolk Canyon and Hudson
Canyon (~350 km apart) to 0.96 between Baltimore Canyon and Wilmington Canyon
(~35 km apart). R between any two T time series is >0.99. The high correlations show
that the occurrences of the alternating upwelling and downwelling events were coherent
among the different canyons.
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D: downwelling days with shrinking pools of anomalously cold water on the outer shelf
U: upwelling days with expanding pools of anomalously cold water on the outer shelf
Figure 3. Snapshots of daily averaged near-bottom temperature (extracted at the model layer right above
bottom, which is generally located at 1-5 m above the bottom for water depth < 1000 m). During the
upwelling episodes (2-10 days of duration), upwelled slope water from each canyon formed anomalously
cold and dense water plumes, which expanded on the bottom of the outer shelf; upwelled water from
pairs of adjacent canyons and even from all canyons eventually merged into one continuous pool along
the outer shelf. During the downwelling episodes (2-5 days of duration) between the upwelling episodes,
the canyon-upwelled water on the outer shelf shrank and separated into individual pools. During most
upwelling events, 1010 − 1011m 3 of relatively cold slope water was upwelled from the submarine
canyons onto the shelf. In comparison, the entire Chesapeake Bay (Fig. 1 a), holds a total of ~
0.7 × 1010 m 3 of water (https://www.chesapeakebay.net/discover/facts).
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correlation coeﬃcient R = 0.59, with 1 day

correlation coeﬃcient R = 0.78

Figure 4. Time series of wind vector, cross-shelf SSH gradients ∇SSH, overplayed with near-bottom w
at the head of Washington Canyon. SSH gradient is calculated between 50 and 150 m isobaths just south
of Washington Canyon. Other canyons show similar trends and correlations. The alternating occurrences
of canyon upwelling/downwelling were due to alternating conditions of upwelling- and downwellingfavorable winds and ∇SSH. they were best and directly correlated with cross-shelf ∇SSH. Canyon
upwelling (w>0) was correlated with winds from the northwest, west, or southwest (Fig. 4 a), and
positive (seaward) cross-shelf ∇SSH (Fig. 4b); and canyon downwelling (w<0) was correlated with
winds from the north or northeast, and negative (landward) cross-shelf ∇SSH. Between winds and nearbottom velocity w at the canyon head, the correlation coefficient R=0.59, with w lagging winds by 1 day.
Between ∇SSH and w, the correlation coefficient R=0.78, with 0 lag. These results are indicators that
sub-tidal canyon upwelling and downwelling events were forced by winds and pressure gradients (which
is due to ∇SSH), and they were best and directly correlated with cross-shelf ∇SSH.
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Figure 5. Snapshots of daily averaged sea surface height and wind vectors. Black contours indicate 50,
75, 150, 1000, and 2000 m isobaths. Canyon upwelling events occurs (Fig. 3) when cross-shelf ∇SSH
>0. ∇SSH and wind conditions are mostly coherent across the MAB.
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Figure 6. Temperature at the bottom model layer (1-5 m above bottom on the shelf).
Magenta contours indicate 50, 75, 150, 1000, and 2000 m isobaths.
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Figure 7. Cross-shelf transect view of temperature fields, averaged within a 5 km wide slice located at
~10 km northeast of Wilmington Canyon.
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Figure 8. Similar to Fig. 7, but for density.
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Figure 9. Horizontal velocity at the bottom model layer (1-5 m above bottom on the shelf). Black
contours indicate 50, 75, 150, 1000, and 2000 m isobaths. For upwelling conditions, canyons enhance
northeastward flow over the outer shelf; for downwelling conditions, canyons weaken southwestward
flow over the outer shelf. Thus, submarine canyons cause northeastward velocity anomalies (compared to
no-canyon case).
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Figure 10. (Similar to Fig. 7) Cross-shelf transect view of the along-shelf component of horizontal
velocity (positive is northeastward). Submarine canyons cause northeastward velocity anomalies
(compared to no-canyon case) near the bottom of the outer shelf.
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Figure 11. Long-term climatological analysis of cross-shelf ∇SSH based on surface elevation data from
GOFS 3.1: 41-layer HYCOM + NCODA Global 1/12° Reanalysis, experiment sequence 53.X. ∇SSH>0
is favorable for canyon upwelling, ∇SSH<0 for downwelling. On average, ~36 canyon upwelling events
occur each year, the 30-day running mean ∇SSH would not count most upwelling events.
Climatologically, upwelling occurs ~30% of the time, downwelling ~70%. The probability of canyon
upwelling varies seasonally, reaching maxima in January (~43 %) in July (~37 %), and minima in May
(~22 %) and September (17.5%). The probability of canyon downwelling shows an opposite trend,
reaching maxima in May and September, reaching minima in July and January.
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Figure S1. Comparison of surface temperature at the location of NDBC station 44009 between observation and
model.
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Figure S2. Sea surface temperature distributions on February 29, 2016 from SCHISM model run with
(left) realistic bathymetry and (right) modified bathymetry without the southern 5 canyons. This is
used to demonstrate that changes in bathymetry cause complex responses including the shape and
position of the Gulf Stream offshore.
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Chapter 5. Conclusions of the Dissertation and Future Directions of
Studying Submarine Canyons of the Mid-Atlantic Bight

This research suggests that submarine canyons are an integral part of the physical
oceanography of the Mid-Atlantic Bight. The MAB canyons are important conduits for
shelf-slope water exchange. Episodes of spatially coherent multi-canyon upwelling and
downwelling are frequent in the MAB. Consequently, the MAB out-shelf experiences
frequent intrusions and retreats of upwelled slope water from the canyons. The impacts of
canyon upwelling and downwelling at the MAB canyons are significant over a wide
range of spatial and temporal scales. The canyons exert significant hydrodynamic impact
within themselves, on the shelf and slope adjacent to them, and across the MAB mid- and
outer shelf. The canyon impact on MAB physical oceanography is significant during each
upwelling event and downwelling event, and when averaged over the course of several
months. Indeed, the author suggests that submarine canyons are an integral part of MAB
oceanography and deserve further investigations.
1. Summary of this research
Chapter 2 was inspired by observations in Wilmington Canyon from an underwater
glider, and was mainly based on a hindcasting numerical simulation of the MAB during
February 25 - March 7, 2016 conducted with SCHISM. Chapter 2 studied the phenomena
associated with a cycle of canyon upwelling and downwelling at Wilmington Canyon in
detail. Chapter 3 was based on a SCHISM model run with tidal forcing (Tide-case) and a
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model run without tidal forcing (No-Tide case). Chapter 3 analyzed the dynamics
associated with the same upwelling and downwelling events in Chapter 2, and
characterized the essential dynamics in and near Wilmington Canyon. Chapter 4 was
based on two longer numerical modeling experiments (January 1 - April 14, 2016): a
Canyon case, where the same model grids from the previous chapters were used, as well
as a No-Canyon case, where 5 canyons in the southern half of the southern MAB (i.e. the
Norfolk, Washington, Accomac, Baltimore, and Wilmington canyons) are removed and
replaced with smoothed shelf/slope bathymetry (interpolated based on bathymetry around
each canyon. Chapter 4 also analyzed a 22 year record (1994 – 2015) of sea surface
elevation. It investigated the integrated impact of multi-canyon upwelling and
downwelling episodes between Virginia and New York in the MAB. The detailed
conclusions from Chapters 2-4 are recaptured as follows:
Chapter 2. Upwelling and Downwelling at Wilmington Canyon and the Formation
and Evolution of Dense Slope-water Plume on the Shelf
Consecutive events of upwelling (February 25 - March 3, 2016) and downwelling
(March 4-7, 2016) occurred over Wilmington Canyon in the southern MAB. At first
during upwelling, on the bottom of the outer shelf (75-150 m isobaths), a cold water
plume that eventually contained over 6 × 109 m 3 of upwelled slope water from the
canyon expanded beneath the warmer upper slope water and northeastward for over 30
km, lowering temperature within the bottom 10-30 m of the outer shelf by up to 2 C,
inducing a near-bottom frontal jet with speeds over 0.5 m/s. In the ensuing downwelling
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event, the canyon-upwelled slope water receded from the shelf, causing 0.3 m/s bottomintensified down-slope currents in the upper canyon near the canyon head. The above
features have not been reported in previous observational or modeling studies of the
MAB. However, they have the potential to supply significant quantities of water, salt, and
nutrients from the slope sea to the continental shelf of the MAB.
Chapter 3. Characterizing the flow dynamics associated with upwelling and
downwelling in and near Wilmington Canyon
In this study, based on numerical modeling experiments, we analyzed the dynamics
associated with Wilmington Canyon during Feb 25 – Mar 7, 2016, when a sub-tidal
upwelling event and downwelling event consecutively occurred. The key findings on the
dynamics of canyon upwelling and downwelling in this study are consistent with
previous idealized modeling studies. Canyon upwelling and downwelling were windforced sub-tidal phenomena and their occurrences were barely impacted by tidal forcing.
Tidal oscillations dominated in deeper parts of the canyon, below below the pycnocline
and below the zones where canyon upwelling and downwelling occurred. Sub-tidal
canyon upwelling and downwelling were ageostrophic processes dominated by pressure
gradient forces. Away from the canyon head and boundary layer, baroclinic effects and
geostrophic dynamics also governed the canyon-upwelling frontal jet on the shelf. Since
dynamics were ageostrophic inside the canyon and geostrophic away from the canyon,
upwelling and downwelling were enhanced spatially in Wilmington Canyon.
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Chapter 4. Integrated Impact of Multi-Canyon Upwelling and Downwelling
Episodes in the Mid-Atlantic Bight
In this modeling study, we conducted a season-long, shelf-scale investigation of the
impact of submarine canyon upwelling and downwelling on the southern MAB shelf
oceanography. To our knowledge, this is the first hydrodynamical model of the MAB that
resolves the multiple submarine canyons located along its shelf-break using relatively
realistic bathymetry and forcings. The study provides new insights on how submarine
canyons affect shelf-scale oceanographic conditions in the MAB. In total, the modeling
experiments simulated 12 cycles of spatially coherent multi-canyon upwelling and
downwelling occurred in the southern Mid-Atlantic Bight during January 1 - April 14,
2016. For each cycle of upwelling and downwelling, upwelled water from the MAB
canyons caused shelf-scale anomalies of low temperature, high density, and
northeastward velocity on the southern MAB outer shelf that were significant when
averaged over the course of the season. These anomalies were weaker in the model runs
with the canyons removed. Based on a cross-shelf ∇SSHduring 1994-2015, ~36 canyon
upwelling events occurred in the MAB each year; the frequency of canyon upwelling
varies seasonally, reaching maxima in January (42% of the time) and July (37% of the
time), and minima in May (22% of the time) and September (17.5% of the time). This
study indicates that submarine canyons impact the MAB mid- and outer shelf
hydrography and circulation; the canyons are the main conduits for the upwelling of
deep-sourced cold and dense slope water to the MAB shelf; and the bathymetry of the
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canyons needs to be resolved in hydrodynamic models in order to capture the shelf-break
ocean conditions and quantify shelf-slope exchanges in the MAB.
2. Directions of future research
2.1. Observing canyon-upwelling plumes from MAB canyons
Canyon-upwelling plumes have not been reported in previous observational studies
of the MAB. Although intrusions of the warm (>14 C) upper slope water at the outer
shelf is a common feature in the MAB, the presence of colder and denser intermediate
slope water on the shelf has been rarely observed. This discrepancy between modeling
results and existing observations may be attributed to the fact that most hydrographic
observations on the shelf avoid the bottom boundary layer (~0-10 m above bottom) and
that continuous and high-resolution observations at the canyon heads and right
downstream (northeast) of canyons during upwelling events are very rare. As a result, the
presence of dense water plume on the shelf resulting from canyon upwelling events may
have consistently escaped previous observational efforts.
In order to capture a canyon-upwelling plume from any MAB shelf-break canyon, I
suggest future observations:
● Measure the hydrography at the canyon head, and measure the near-bottom (0-20
m) hydrography on the outer shelf within 50 km northeast of a submarine canyon.
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● Be conducted when sub-tidal flows are northeastward over the outer shelf and
shelf-break, especially during prolonged (>2 days) and strong (>=7 m/s)
upwelling-favorable wind events.
● Ideally use a combination of moored array (profiler moorings capable of profiling
from the bottom up to the surface, lined from the canyon head to the downstream
shelf) and mobile platforms (gliders, AUVs and shipboard surveys for quick and
high-resolution synoptic transects in both the along-plume and cross-plume
directions). Research assets like that at the Coastal Pioneer Array (https://
ooinet.oceanobservatories.org/) of the Ocean Observatories Initiative will be
tremendous assets for future MAB canyon studies.
2.2. Observing flows inside MAB canyons
The modeled results reveal that for each cycle of canyon upwelling and
downwelling, as upwelling cedes to downwelling, the dense canyon-upwelled water
retreats into the canyon and cascades downslope as bottom-intensified currents. In order
to capture the near-bottom down-canyon flow, observations also need to resolve the
bottom boundary layer (0-20 m above bottom) within the canyon.
Moreover, flows inside the canyon can exceed 0.5 m/s, and have high spatial (100s
of meters or smaller) and temporal (both tidal and sub-tidal) variability. In order to
properly observe the flow fields within a canyon, ideally a future observing campaign
will use fast-moving mobile platforms (> 1 m/s, the faster the better) to resolve the spatial
variability, and moorings to resolve the temporal variability.
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2.3. Numerical modeling of the MAB
This study has shown that submarine canyons are an integral part of the physical
oceanography of the Mid-Atlantic Bight, they are important conduits for shelf-slope
water exchange. The bathymetry of the canyons needs to be resolved in hydrodynamic
models in order to capture the shelf-break ocean conditions and quantify shelf-slope
exchanges in the MAB.
The SCHISM model setup used in this study has the potential to be used in
forecasting the MAB ocean conditions over the outer shelf, shelf-break, upper slope, and
submarine canyons. Several improvements will help this model to become a fully
operational model in the future:
● Expand the model domain to include the Gulf of Maine, Gulf of Mexico,
Caribbean Sea, and a broader (than the model domain in this study) area of the
Atlantic Ocean. This will help accurately predict the Gulf Stream condition (Ye et
al. 2019).
● Increase the vertical resolution at the thermocline depths, especially for the
stratified seasons. The model used in this wintertime canyon study has intensified
vertical layers near the surface and bottom to resolve wind-forced dynamics and
topographically induced dynamics, respectively. However, thermohaline
processes are important in the MAB during summertime; and for operational
purposes, more vertical layers in the interior are needed.
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● Assimilate real-time observational data.
Lastly, other research topics can be pursued using this hydrodynamic model. The
non-hydrostatic module of SCHISM (Zhang et al., 2016) can be experimented in studying
nonlinear physical processes such as internal tide breaking and scattering, internal wave
generation and propagation. Sediment and biochemical modeling components can be
added to this hydrodynamic model for interdisciplinary research at the MAB canyons and
shelf-break.
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